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Background and purpose: Traumatic brain injury (TBI) is a major disease without

effective treatment. Recently, Tat-NR2B9c peptide emerged as a promising neuroprotective

agent, but limited in clinical translation by it low brain penetrability. We synthesized Tat-

NR2B9c loaded self-assembled activatable protein nanoparticles, termed TN-APNPs, and

demonstrated that TN-APNPs enhanced the delivery of Tat-NR2B9c to the brain lesion in

stroke. Herein we developed a novel approach to further engineering TN-APNPs for targeted

delivery of Tat-NR2B9c to the injured brain with enhanced efficiency through conjugation of

CAQK or CCAQK, a short peptide.

Methods: Short peptide-conjugated TN-APNPs were synthesized by conjugated with

CAQK or CCAQK via a click condensation reaction with CBT, then analyzed by dynamic

light scattering, transmission electron microscopy and thrombin responsive assay.

Characterization of short peptide-conjugated TN-APNPs were investigated by using cell

excitotoxicity assay and transwell blood-brain-barrier model in vitro, and pharmacokinetics,

IVIS imaging system and confocal analysis in TBI-bearing mice. Evaluation of therapeutic

effects were analyzed by H&E staining, Elevated Plus Maze analysis and Rotarod test.

Results: CAQK-conjugated TN-APNPs (C-TN-APNPs) and CCAQK-conjugated TN-

APNPs (CC-TN-APNPs) were spherical in morphology and 30 nm in diameter. In vitro

studies revealed that TN-APNPs, C-TN-APNPs and CC-TN-APNPs were responsive to

thrombin cleavage, reduced the cytotoxicity of Tat-NR2B9c, and increased BBB permeabil-

ity of Tat-NR2B9c. CC-TN-APNPs demonstrated the better circulation time, better targeting

ability and penetrating efficiency to the injured brain, and better therapeutic benefits in vivo

studies.

Conclusion: This study demonstrated CC-TN-APNPs as a promising therapeutic for clinical

management of TBI.
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Introduction
Due to its high disability and mortality rate, traumatic brain injury (TBI) is

a growing public health challenge around the world. Many survivors experience

a series of complications, which may lead to a low-quality life with a large

economic and psychological burden.1 TBI is characterized by a primary impact

injury, which is mechanical damage to brain tissue at the time of trauma. Successive

secondary injury, which is induced by the primary injury, may result from a variety

of pathophysiological processes, including neuroinflammation, excitotoxicity, and

oxidative damage,2 and may result in mental disorders, neurodegenerative diseases,

and death. Therefore, the ultimate goal for TBI treatment is not only the prevention
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and treatment of primary injury but also the retrieval and

restoration of neurofunction by relief of secondary injury.

N-methyl-D-aspartate receptor (NMDAR) is an iono-

tropic glutamate receptor, which plays an important role in

both normal development and function of the central ner-

vous system (CNS), and neurological disorders post-

injury.3 Reducing the NMDAR-mediated excitotoxicity is

one therapeutic strategy for treating secondary injury in

both TBI and stroke.4 Postsynaptic density-95 (PSD-95) is

a prominent organizing protein that couples to NMDAR

linking them to downstream neurotoxic signaling

molecules.5 To inhibit PSD-95, a 20-amino acid peptide,

Tat-NR2B9c was designed to interfere with the NMDAR-

PSD-95 interaction, and prevent neuronal death success-

fully at rodent animals.6 Same promising results were

found in non-human primates experiments.7 Furthermore,

Tat-NR2B9c was tested in a phase 2 clinical trial

(ENACT) for its efficacy on reducing ischemic brain

damage in patients undergoing endovascular repair of

a brain aneurysm. There were no serious adverse events

found to be associated with Tat-NR2B9c treatment in the

ENACT clinical trial, although some limited but promising

neuroprotective results were shown.8 The limited efficacy

is likely due to the limited brain penetrability of Tat-NR

2B9c. In addition to poor instability and short half-life of

free peptides, Tat-NR2B9c may penetrate biological mem-

branes without selectivity, and thus non-specifically binds

to cells or organs during circulation.9,10 Consequently,

only a limited amount of Tat-NR2B9c reaches the brain.

Recently, we developed Tat-NR2B9c-loaded self-

assembling activatable protein nanoparticles (TN-APNPs)

and demonstrated that intravenous administration of TN-

APNPs effectively improves the recovery of stroke-bearing

mice.10 In this study, we set to further engineer TN-APNPs

for targeted delivery of Tat-NR2B9c to the brain for TBI

treatment through surface conjugation of CAQK, a four-

amino acid peptide that was reported to have high affinity

with extracellular matrix at the site of injured brain.11 The

N-terminal cysteine is likely important for the targeting

effect of CAQK. To avoid reducing the function of

CAQK, we also synthesized and evaluated TN-APNPs

with conjugation of CCAQK. The resulting CAQK and

CCAQK conjugated TN-APNPs, designated as C-TN-

APNPs and CC-TN-APNPs, respectively, were evaluated

in the controlled cortical impact (CCI) mouse model. We

found that compared to C-TN-APNPs, CC-TN-APNPs

demonstrated greater brain penetrability and blood circula-

tion. We further showed that intravenous administration of

CC-TN-APNPs effectively improved the recovery of TBI-

bearing mice.

Materials and methods
Materials and cell culture
All chemicals and materials were supplied by Sigma-

Aldrich unless otherwise specified. MAL-PEG2000-NHS

and MAL-PEG2000-NH2 were obtained from JenKem

Technology. All cells were purchased from American

Type Culture Collection (ATCC, Manassas, VA). Human

brain microvascular endothelial (hCMEC/D3) cells were

grown in EGM, and NHA cells were grown in DMEM

supplemented with 10% FBS.12 SH-SY5Y cells were

grown in DMEM-F12 supplemented with 10% FBS and

differentiated in Neurobasal medium supplemented with

B-27 under 10 μM all-trans retinoic acid (ATRA)

condition.13 All culture medium contained 1% penicillin-

streptomycin solution. All culture medium and supple-

ments were purchased from Thermo Fisher Scientific.

Preparation of peptide-conjugated

TN-APNPs
TN-APNPs were synthesized according to our previously

reported procedures,10 except MAL-PEG2000-CBT,

instead of MAL-PEG2000-NH2, was used. MAL-PEG

2000-CBT was obtained by reacting MAL-PEG2000-

NHS with 2x mole excess of CBT. For peptide conjuga-

tion, CAQK or CCAQK (2:1 mole ratio to the CBT group)

was added to TN-APNPs and reacted via CBT-Cys click

reaction.14 After 1-hr reaction, unreacted peptides were

removed through dialysis in PBS solution for use and

stock. NPs concentration was determined with the BCA

kit (Sigma Aldrich).

Dynamic light scattering (DLS) and

transmission electron microscopy (TEM)
Nanoparticles (NPs) were prepared in PBS (pH 7.4) at

a concentration of 50 μg/mL and filtered before measure-

ment, which was carried out using a ZetaSizer Nano ZEN

5600 (Malvern). Mean hydrodynamic diameters were

described as Z-average (±SD) (d.nm). Predicted molecular

weights were described as kDa. TEM samples were pre-

pared in ddH2O at a concentration below 50 μg/mL, fil-

tered and then applied to holey carbon-coated copper grids

(SPI, West Chester, PA, USA). The grid was placed on

a droplet of sample solution (8 μL) for 10 mins. Samples
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were imaged using a TEM microscope (FEI Tecnai

TF20 TEM).

Thrombin responsive assay
NPs were subjected to thrombin treatment at room tem-

perature according to the method described in our previous

research.10 Changes in the size and morphology were

determined by DLS and TEM.

Cell excitotoxicity assay
SH-SY5Y cells were seeded and differentiated to mimic

neuron13 in 0.001% Poly-L-lysine pre-coated 96-well

plates at a density of 104 cells per well. For the cell

excitotoxicity assay, 200 μM of NPs were added to culture

medium. After 48 hrs, the cells were subjected to the

standard MTT assay.10

In vitro transwell blood–brain barrier

(BBB) model
The transwell BBB model was established as previously

reported.12 Briefly, transwell inserts were pre-coated with

0.001% Poly-L-lysine, then NHA cells were seeded to the

basolateral side of the inserts. The insert was inverted after

4–5 hrs. hCMEC/D3 cells were seeded on the apical side on

the second day. The model was considered mature when

trans-endothelial electrical resistance (TEER) values

reached 30 Ω*cm2. To simulate BBB leakage, the model

was treated with 500 μMCoCl2 for 24 hrs. The medium was

refreshed and equal concentrations of FITC-conjugated

NPs, diluted with EGM, were added to the apical side of

the inserts. The basolateral side was filled with 700 μL of

complete DMEM. At time intervals from 30 mins to 72 hrs,

samples were taken from the basolateral side to detect FITC

intensity with a microplate reader (Synergy™ Mx, BioTek

Instruments, Inc.).

Animals
All animal experiments were approved by the Institutional

Animal Care and Use Committee at Renmin Hospital of

Wuhan University, according to Laboratory animal—

Guideline for ethical review of animal welfare (GB/T

35892–2018). C57BL/6 male mice with weight of around

25 g each were given free access to food and water under

12/12-hr light and dark cycle, and allowed to acclimate for

1 week prior to procedures for recovery from transporta-

tion-related stress.

Controlled cortical impact (CCI) model

of TBI in mice
Mice were anesthetized with 5% isoflurane (2% for main-

tenance) and securely positioned in the stereotaxic frame.

Fur on the top of the skull was shaved, and the surgical site

was disinfected with povidone-iodine solution and then

twice with isopropanol. An approximately 10-mm midline

scalp incision was made to expose the right parietal cortex.

A 3-mm cranial window was made in the skull over the

right cortex (bregma as central, and antero-posterior

−3 mm, medio-lateral +1 mm, dorso-ventral 1 mm) using

a surgical trephine drill. Extreme care was taken to avoid

damage to the dura. The controlled cortical impactor

(Leica Impactor One) was attached to the stereotaxic

frame with a 2-mm impactor tip and was used to impact

the dura. The controlled impact parameters were: velocity

3 m/s, depth 1 mm, and dwell time 85 ms. After bleeding

stopped, a thin piece of bone wax was used to cover the

craniotomy and the skin was sutured.

Characterization of pharmacokinetics
NPs were conjugated with equal mole of Alex Flour 750

(AF750) through reaction with AF750 NHS Ester

(ThermoFisher Scientific) in PBS (pH 7.4). Unreacted dye

was removed through dialysis. NPs were injected via the tail

vein 10 mins after CCI surgery (n=5 mice per group). Each

group blood (20 μL) was collected at 5, 15, 30 mins and 1, 3,

6, 12, 24, 36, 48 hrs after injection using a heparinized

pipette. Blood was stored in an EP tube with 20 μL heparin

(50 U/mL), mixed, and centrifuged at 3,000 g for 10 mins at

4°C. The plasma was collected after centrifuge. Plasma

AF750 concentration was quantified based on AF750 fluor-

escence and plotted with time. Fluorescence intensity was

detected immediately with a microplate reader (Synergy™

Mx, BioTek Instruments, Inc.).

Characterization of NP delivery to the

brain
Alex Flour 750-conjugated NPs were prepared as

described earlier and injected through a tail vein immedi-

ately after surgery. Five mice were used in each group.

After 24 hrs, the mice were sacrificed, and the brains were

isolated and subjected to imaging using an IVIS imaging

system (Caliper, CA). The fluorescence intensity was

quantified using a Living Image 3.0 (Caliper, CA). The

interaction of PSD-95 and Tat-NR2B9c, which released

from CC-TN-APNPs, was investigated as previously
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described. Images were captured using a laser scanning

confocal microscope (Leica TCS SP8).10

Neurological evaluation in TBI mice

model
Injured area was determined by H&E staining. Size of brain

injury was analyzed by using Image J (ver. 1.51k). Anxiety

was quantified by using an Elevated Plus Maze analysis

instrument (EPM) at 2 weeks post CCI surgery. Motor

function was determined by using the Rotarod test at 2

weeks post CCI surgery. EPM analysis and Rotarod test

were performed as described previously.15–17 Briefly, for

EPM analysis, mice were placed on the center platform

and face to the open arm, then collected data for 5 mins.

Time, distance, and entrance of open arms/close arms were

collected, and anxiety index was calculated by using this

equation: anxiety index = time(open arms)/time(total time) . For

Rotarod test, mice were placed on the rotating beam at

4 rpm for 1 min, then increase the speed further to

40 rpm in 5 mins and leave mice in place for a further 2

mins. Falling speed and falling time were collected. All

tests were repeated three times. All mice were trained

daily for 3 days prior to CCI surgery (n=5 mice per

group) and given a 15mins break between each tests.

Sham animals received the craniotomy described for CCI

surgery without impaction and were treated with PBS injec-

tion. Control animals received surgery and were treated

with PBS injection.

Data analysis
Data were expressed as means ± SEM. To determine the

difference among groups, data were analyzed by one-way

ANOVA followed by Tukey’s multiple comparison

tests and performed by histogram, or two-way ANOVA

followed by Bonferroni’s post-tests and performed by line

chart. Statistics were performed using GraphPad Prism ver-

sion 5.00 (GraphPad Software, La Jolla California USA).

Significance level was set at *P<0.05 for all these analyses.
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Results and discussion
Synthesis and characterization of

peptide-conjugated TN-APNPs
To enhance targeted delivery of TN-APNPs, we developed

a strategy to conjugate CAQK (Figure 1A and B), a peptide

that was previously reported to enhanced drug delivery to the

injured brain.11 As we could not exclude the possibility that

the N-terminal cysteine is important for the targeting effect,

we also synthesized TN-APNPs that were conjugated with

CCAQK. First, we generatedMAL-PEG2000-CBT by react-

ing MAL-PEG2000-NHS with CBT (Figure 1A). The result-

ing MAL-PEG2000-CBT was used in the synthesis of

TN-APNPs by replacing MAL-PEG2000-NH2 according to

our recent report.10 As the last step, the selected peptide was

conjugated to TN-APNPs through reaction with the cyano

group in CBT (Figure 1B), which interacts with N-terminal

cysteine via a click condensation reaction.14 The obtained

peptide-conjugated TN-APNPs were characterized by DLS

and TEM. DLS analysis showed that the hydrodynamic

diameter sizes were 146±50 nm for TN-APNPs, 120±20

nm for CAQK-conjugated TN-APNPs (C-TN-APNPs), and

159±50 nm for CCAQK-conjugated TN-APNPs (CC-TN-

APNPs) (Figure 1C). TEM analysis revealed that both the

C-TN-APNPs and CC-TN-APNPs were spherical in mor-

phology and in diameter of 30 nm (Figure 1D).

In vitro characterization of

peptide-conjugated TN-APNPs
As described in our recent report,10 TN-APNPs were

developed for delivery of Tat-NR2B9c to the ischemic

region in the brain, where the locally enriched thrombin

cleaved TN-APNPs and released Tat-NR2B9c. Similarly,

the level of thrombin is known to be elevated in the

injured region of the brain with TBI.18 To determine if

the peptide-conjugated TN-APNPs were responsive to

thrombin cleavage, we treated C-TN-APNPs and CC-TN-

APNPs with thrombin. We found that, similar to the find-

ing for TN-APNPs,10 thrombin treatment efficiently

degraded both C-TN-APNPs and CC-TN-APNPs, as

determined by DLS analysis (Figure 2A, Figure S1A)

and TEM imaging (Figure 2B, Figure S1B).

We determined the potential neuronal toxicity of C-TN-

APNPs and CC-TN-APNPs. Neuron-like cells were

obtained through differentiation of SH-SY5Y cells with

ATRA treatment, due to SH-SY5Y cells can be differen-

tiated to a more mature neuron-like phenotype that is char-
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acterized by neuronal markers, and propagated.13 Results in

Figure 2C show that, compared to free Tat-NR2B9c peptide,

TN-APNPs exhibited less toxicity, and conjugation of pep-

tide further reduced the toxicity of TN-APNPs. We supposed

that this interesting phenomenon might cause by slightly

change of space structures and surface molecule.

The BBB, which is partially disrupted after traumatiza-

tion, remains as the major impediment for systemic treat-

ment of TBI.19,20 We assessed if conjugation of peptides

enhances the ability of TN-APNPs to penetrate the com-

promised BBB by using an in vitro BBB model, which

was established by culturing hCMEC/D3 cells on the top

and astrocyte NHA cells at the bottom of the insert mem-

brane (Figure 2D). Disruption of the BBB was induced by

adding CoCl2 as previously reported21 and confirmed by

quantification of transepithelial/transendothelial electrical

resistance (TEER) values (Figure 2E). We found that all

NPs, including TN-APNPs, C-TN-APNPs, and CC-TN-

APNPs, demonstrated a high degree of BBB permeability,

which is significantly greater than that of free Tat-NR2B9c

peptide (Figure 2F). This phenomenon may relate the cell

endocytosis and exocytosis, or nanoparticles form help

drug to escape intracellular lyase.

Characterization of peptide-conjugated

TN-APNPs in TBI-bearing mice

We evaluated if conjugation of peptides enhanced the

accumulation of NPs in the injured brain. TBI-bearing

mice were established through CCI surgery. Ten minutes

after surgery, mice received intravenous administration

of AF750 conjugated TN-APNPs, C-TN-APNPs, or CC-

TN-APNPs. The doses of NPs were normalized based

on the fluorescence intensity of AF750 to ensure that

each mouse received the same amount of fluorescence.

After 24 hrs, the mice were euthanized. The brains were

harvested and imaged. We found that CC-TN-APNPs

demonstrated the greatest efficiency in penetrating the

injured brain (Figure 3A). Based on the fluorescence

intensity, conjugation of CAQK and CCAQK enhanced

the delivery by 1.82 and 2.24 folds, respectively

(Figure 3B).
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We determined the blood circulation of AF750-

conjugated TN-APNPs, C-TN-APNPs, or CC-TN-APNPs

in normal mice. Results in Figure 3C showed that, consistent

with our previous report,10 TN-APNPs have significantly

greater circulation time than Tat-NR2B9c and, conjugation

of peptides further enhanced the circulation of TN-APNPs.
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Figure 4 Evaluation of CC-TN-APNPs treatment in CCI mice model. (A). Timeline for treatment and evaluation. (B) Representative H&E staining images of the brain
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Compared to C-TN-APNPs, CC-TN-APNPs demon-

strated greater brain penetrability and blood circulation,

and thus were selected for further characterization. We

analyzed whether Tat-NR2B9c could be released in the

brain and penetrate into cells after delivery via CC-TN-

APNPs by immunostaining. Similar to our previous find-

ing with TN-APNPs,10 confocal analysis of the ipsilateral

penumbra from mice treated with CC-TN-APNPs showed

that Tat-NR2B9c was released, penetrated cells, and inter-

acted with its intracellular target PSD-95 (Figure 3D).

There wasn’t Tat-NR2B9c accumulated in contralateral

brain tissue, which have normal BBB without thrombin

leakage (Figure S2). Taken together, CC-TN-APNPs have

better delivery efficiency, longer circulating time, and the

same releasing ability. These advantages indicated that

CC-TN-APNPs might achieve better results in treatment

of TBI.

Characterization of therapeutic benefit of

CC-TN-APNPs for TBI treatment
We assessed CC-TN-APNPs for TBI treatment. Mice were

subjected to CCI surgery and randomized into three

experimental groups, which received treatment of PBS,

free TAT-NR2B9c peptide, and CC-TN-APNPs, respec-

tively. Timeline for treatment and evaluation is shown in

Figure 4A. Morphometric analysis of the brain showed

that treatment with CC-TN-APNPs reduced the injury

size by Image J (version 1.51, NIH, USA). The range of

measurement was shown in Figure S3. In contrast, treat-

ment with the same amount of free Tat-NR2B9c peptide

fails to achieve a comparable effect (Figure 4B and C).

Anxiety, dysphoria, and aggression are hallmarks of post-

traumatic stress disorder, which is a common comorbidity

in TBI.22 Elevate Plus Maze (EPM) test found that, com-

pared to those mice treated with PBS or free Tat-NR2B9c,

the mice treated with CC-TN-APNPs showed significantly

less anxiety, dysphoria, and appeared to be less aggressive,

and more motivated to discover and stay in the open arms

(OA) of the EPM instrument (Figure 4D and E). We also

performed Rotated test, which failed to detect significant

difference in mouse movement ability among different

groups, although CC-TN-APNPs treatment group had

a slight improvement recovery trend compared to the

other groups (Figure S4). This is likely because the injury

was not induced in the region close enough to the motor

cortex and therefore the recovery was not relevant to those

determined by the Rotated test. Taken together, these

results suggest that treatment with CC-TN-APNPs is sig-

nificantly beneficial for recovery after TBI.

Conclusion
In this study, we engineered TN-APNPs for targeted delivery

of TAT-NR2B9c peptide to the injured brain through con-

jugation of short peptide for TBI treatment. We synthesized

and characterized two engineered TN-APNPs, including

C-TN-APNPs and CC-TN-APNPs, and found that CC-TN-

APNPs demonstrated the greater brain targeting efficiency.

We characterized CC-TN-APNPs in TBI mice that were

induced by CCI surgery and found that intravenous admin-

istration of CC-TN-APNPs effectively reduced the injury

size and significantly improved the psychological outcomes.

Due to its simple formulation and significant therapeutic

effect, CC-TN-APNPs may be translated into clinical appli-

cation for clinical management of TBI.
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Figure S1 (A) DLS analysis of C-TN-APNPs with and without treatment of thrombin. (B) Representative TEM images of C-TN-APNPs after thrombin treatment (scale bar,
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Figure S2 Confocal analysis of the interaction of PSD-95 and Tat-NR2B9c in a representative contralateral non-injury brain tissue. PSD-95 and Tat-NR2B9c were identified

by an anti-PSD-95 antibody and an anti-TAT antibody, respectively. Scale bar: 15 µm.
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