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Abstract 

Mitochondrial oxidative stress is associated with many neurodegenerative diseases, such as traumatic 
brain injury (TBI). Targeted delivery of antioxidants to mitochondria has failed to translate into clinical 
success due to their nonspecific cellular localization, poor transport properties across multiple biological 
barriers, and associated side effects. These challenges, coupled with the complex function of the 
mitochondria, create the need for innovative delivery strategies.  
Methods: Neutral hydroxyl-terminated polyamidoamine (PAMAM) dendrimers have shown significant 
potential as nanocarriers in multiple brain injury models. N-acetyl cysteine (NAC) is a clinically used 
antioxidant and anti-inflammatory agent which has shown significant potency when delivered in a targeted 
manner. Here we present a mitochondrial targeting hydroxyl PAMAM dendrimer-drug construct 
(TPP-D-NAC) with triphenyl-phosphonium (TPP) for mitochondrial targeting and NAC for targeted 
delivery to mitochondria in injured glia. Co-localization and mitochondrial content of 
mitochondria-targeted and unmodified dendrimer were assessed in microglia and macrophages in vitro via 
immunohistochemistry and fluorescence quantification. Therapeutic improvements of TPP-D-NAC over 
dendrimer-NAC conjugate (D-NAC) and free NAC were evaluated in vitro in microglia under oxidative 
stress challenge. In vivo neuroinflammation targeting was confirmed in a rabbit model of TBI.  
Results: TPP-conjugated dendrimer co-localized significantly more with mitochondria than unmodified 
dendrimer without altering overall levels of cellular internalization. This targeting capability translated to 
significant improvements in the attenuation of oxidative stress by TPP-D-NAC compared to D-NAC and 
free NAC. Upon systemic administration in a rabbit TBI model, TPP-conjugated dendrimer co-localized 
specifically with mitochondria in activated microglia and macrophages in the white matter of the 
ipsilateral/injured hemisphere, confirming its BBB penetration and glial targeting capabilities.  
Conclusion: D-NAC has shown promising efficacy in many animal models of neurodegeneration, and 
this work provides evidence that modification for mitochondrial targeting can further enhance its 
therapeutic efficacy, particularly in diseases where oxidative stress-induced glial cell death plays a 
significant role in disease progression. 
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Introduction 
Mitochondria are primarily responsible for 

energy production in the form of ATP through oxide-
tive phosphorylation, which is essential for all active 
cellular processes [1]. In addition to power generation, 
mitochondria play a pivotal role in performing other 
vital physiological functions such as calcium 
homeostasis, intracellular trafficking, cell cycle 
regulation, amino acids and nitrogen metabolism, and 
apoptosis [2]. There is a growing body of literature 
that indicates that under pathological conditions, 
mitochondria act as a double-edged sword and cause 
oxidative/nitrosative stress by over-production of 
reactive oxygen/nitrogen species (ROS/RNS), disturb 
calcium metabolism, and induce programmed cell 
death [3, 4]. Recovering mitochondrial function from 
pathological to physiological is crucial to avoid the 
activation of the cascade of events that cause 
irreversible mitochondrial and cellular damage [5].  

 Mitochondrial dysfunction is associated with 
several neurological diseases such as Alzheimer’s 
disease [6], Parkinson’s disease [7], amyotrophic 
lateral sclerosis [8], multiple sclerosis [9], as well as 
acute brain insults such as cerebral ischemia [10] and 
traumatic brain injury (TBI) [11, 12]. TBI is a leading 
health and socioeconomic problem which affects over 
2.5 million Americans each year with no successful 
therapy to prevent long-term effects [13]. The initial 
insult after TBI results in microglial and macrophage 
(mi/ma) activation and inflammation leading to 
mitochondrial ROS and RNS generation [14]. One 
potential therapeutic approach is to target 
mitochondrial oxidative stress. The major limitation 
in this regard is the failure of antioxidants to 
preferentially accumulate in the mitochondria of the 
diseased tissue/cells in the brain. Even if the drug has 
the adequate physicochemical properties to overcome 
the blood-brain barrier (BBB) to reach the diseased 
tissue and cells, it still must cross several membranes 
to reach its targeted subcellular territory inside the 
mitochondrion. Moreover, most drugs undergoing 
preclinical and clinical trials for use in TBI have only 
focused on reversing or preventing neuronal cell 
death, neglecting the detrimental contributions of 
activated mi/ma to the disease progression [15, 16]. 
Amelioration of oxidative stress at the mitochondria 
level in activated mi/ma is a key potential target to 
mitigate TBI-induced secondary insult.  

 N-Acetyl cysteine (NAC) is an anti-oxidant and 
anti-inflammatory agent currently being used 
clinically for multiple indications including cystic 
fibrosis and acetaminophen poisoning. The antioxi-
dant capacity of NAC is two-fold. First, NAC is able to 
directly scavenge for reactive oxygen species via its 
sulfhydryl active group [17]. Second, as a glutathione 

precursor, NAC stimulates the production of 
endogenous antioxidant glutathione (GSH), which 
prevents the formation of mitochondrial ROS and 
RNS, thereby ameliorating mitochondrial dysfunction 
and decreasing oxidative stress [18]. However, NAC 
has poor bioavailability due to protein interactions in 
serum via its thiol groups, which necessitates multiple 
administrations at high doses to observe 
neuroprotective effects [19]. Additionally, cellular 
internalization of NAC occurs through the 
cysteine-glutamate antiporter, which results in 
glutamate release and subsequent excitotoxicity and 
neuronal damage [20]. Nanoparticle- 
mediated targeted delivery of NAC to mitochondria 
of activated mi/ma at the site of injury in the brain 
can be a potential strategy to reduce oxidative stress 
and restore mitochondrial function associated with 
neurological diseases. 

 Several nanotechnology-based approaches are 
currently being developed for targeted delivery of 
drugs to mitochondria,[21-24] but endeavors to 
specifically target mitochondria of the diseased cells 
in the brain are rare [6]. Dendrimers are hyper-
branched, monodisperse macromolecules which have 
shown significant promise for site-specific gene and 
drug delivery [25-33]. Introducing heterogeneity at 
nanoscale level is a formidable challenge in designing 
drug delivery systems. The highly precise molecular 
structure and the multivalent surface of dendrimers 
provide an ideal platform to incorporate different 
functional moieties such as therapeutic, imaging and 
targeting agents on a single nanocarrier in a well- 
defined manner. We have previously reported in 
several small and large animal models that generation 
4 hydroxyl-terminated PAMAM dendrimers (D-OH), 
both unmodified and covalently conjugated to drugs, 
imaging agents, and targeting ligands, have the 
unique ability to cross the impaired BBB upon 
systemic administration and selectively target the 
activated mi/ma and astrocytes in the injured regions 
of the brain while exhibiting minimal accumulation in 
healthy brain tissue [34-39]. We have also shown that 
intravenous administration of a single dose of 
dendrimer-NAC conjugate (D-NAC) successfully 
delivered NAC to activated mi/ma and produced 
striking neuroprotective effects in a neonatal rabbit 
white matter injury model [40]. Here, we envisioned 
that the targeted subcellular delivery of NAC to the 
dysfunctional mitochondria of activated glia at the 
site of neuroinflammation could be a viable approach 
to treat oxidative stress at the mitochondrial level in 
the brain.  

Triphenyl phosphinuim (TPP) is a well-known 
mitochondrial targeting ligand and has shown 
potential to target small molecule drugs and 
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nanoparticles to mitochondria both in vitro and in vivo 
[41, 42]. The negative plasma membrane potential 
(30-60 mV, negative inside) and highly negative 
mitochondrial inner membrane potential (150-180 
mV, negative inside) drives the accumulation of 
lipophilic TPP several folds more in mitochondria 
compared to the cytosol [43]. Here, we present a novel 
microglia specific systemic mitochondrial targeting 
NAC delivery platform by conjugating both NAC and 
TPP to the surface of D-OH dendrimer. In this report 
we describe the synthesis and evaluation of 
mitochondrial-targeted dendrimer and dendrimer- 
NAC in human macrophages and murine microglia 
and in a pediatric TBI model.  

Experimental Section 
Materials 

1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimi
de methiodide (EDC), 4(dimethylamino)pyridine 
(DMAP) (99%), BOC-GABA-OH, trifluoroacetic acid 
(TFA), N-hydroxy succinimide (NHS), N, N-diiso-
propyl ethyl amine (DIPEA), and N-acetyl cysteine 
(NAC) were purchased from Sigma Aldrich US, and 
used as received. Cy5 NHS ester was purchased from 
GE healthcare and used as received. Ethylenedia-
mine-core PAMAM dendrimer (Biomedical grade 
generation 4 consisting 64 hydroxyl end-groups) 
(D-OH) was received from Dendritech as a solution in 
methanol. As received dendrimer methanol solution 
was evaporated and used as it is. Dialysis membrane 
(MWCO 1kDa) was purchased from Spectrum Labor-
atories Inc. All other solvents were used as received in 
their anhydrous forms. All reactions in the organic 
medium were performed in standard oven-dried 
glassware under an inert nitrogen atmosphere unless 
otherwise stated. 

Dulbecco’s Modified Eagle Medium (DMEM), 
fetal bovine serum (FBS), penicillin-streptomycin 
(P/S), 0.05% trypsin-EDTA, NucBlue fixed cell stain 
ReadyProbes, goat anti-rabbit Alexafluor 488 
secondary antibody, and MTT reagent were obtained 
from Invitrogen (Carlsbad, CA, USA). Lysine-coated 
glass-bottom culture dishes were purchased from 
MatTek Inc. (Ashland, MA, USA). Lectin Dylight 594 
was purchased from Vector Labs (Burlingame, CA, 
USA). Anti-AIF antibody for mitochondria marker 
and tetramethylrhodamine, ethyl ester (TMRE) were 
purchase from Abcam (Cambridge, UK). Analytical 
grade methanol and 10% formalin were purchased 
from Sigma-Aldrich. Mitochondria isolation kits were 
purchased from ThermoFisher. MitoSOX mitochon-
dria superoxide indicator was purchased from 
Molecular Probes (Eugene, OR, USA). Trypan blue 
was obtained from Corning (Manassas, VA, USA).  

Synthesis and characterization of 
intermediates and dendrimer conjugates 

Characterization 

Nuclear Magnetic Resonance (NMR) 
NMR spectra were recorded on a Bruker 500MHz 

spectrometer at ambient temperatures. The chemical 
shifts in ppm are reported relative to tetramethyl-
silane as an internal standard for 1H NMR spectra. 
Residual protic solvent of CDCl3 (1H, δ 7.27 ppm; 13C, δ 
77.0 ppm (central resonance of the triplet)), and DMSO-d6 
(1H, δ2.50 ppm) were used for chemical shifts calibration.  

Mass spectroscopy 
Matrix assisted laser desorption ionization time of 

flight (MALDI-TOF) experiments were performed on 
Bruker Autoflex MALDI-TOF instrument. The 
conjugate was dissolved in ultra-purified water at 5 
mg/mL and 2, 5-dihydroxybenzoic acid (DHB) matrix 
was dissolved in 50:50 (v/v) acetonitrile:water 
mixture at 10 mg/mL concentration. The samples 
were prepared by mixing 10 µL of conjugate solution 
with 10 µL of DHB solution after which 3 µL of the 
sample was spotted on a MALDI plate. Laser power 
used for this purpose was 55-100%. 

High Performance Liquid Chromatography (HPLC) 
HPLC was utilized to analyse the purity of 

intermediates and final dendrimer conjugates. HPLC 
(Waters Corporation, Milford, MA) is equipped with 
a 1525 binary pump, an In-Line degasser AF and a 717 
plus autosampler. It includes a 2998 photodiode array 
detector and a 2475 multi λ fluorescence detector 
interfaced with Waters Empower software. The 
specifications of the column used for HPLC analysis 
are symmetry 300 C18 column, 5µm, 4.6x250mm. The 
HPLC chromatograms of dendrimer-related interme-
diates and final conjugates were monitored at 210 nm. 
The fluorescently labelled dendrimer was monitored 
at both 650 and 210 nm using PDA and fluorescence 
detectors. A gradient flow was used in HPLC starting 
with 100:0 (Solvent A: 0.1% TFA in water; Solvent B: 
0.1% TFA in ACN); gradually increasing to 10:90 (A:B) 
at 20 min, finally returning to 100:0 at 25 minutes 
maintaining a flow rate of 1 mL/min.  

Dynamic light scattering (DLS) and Zeta potential (ζ) 
The size distribution and ζ-potential distribution 

of dendrimer conjugates were determined by using a 
Zetasizer Nano ZS (Malvern Instrument Ltd. 
Worchester, U.K.) equipped with a 50mW He-Ne 
laser (633 nm). For size measurement, the conjugate 
was dissolved in deionized water (18.2 Ω) to make a 
solution with a final concentration of 0.5mg/mL. The 
sample solution was vortexed for 1 minute and then 
sonicated for 3 minutes followed by filtration through 
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0.2µm syringe filters (Pall Corporation, 0.2µm HT 
Tuffryn membrane) directly into the cell (UV 
transparent disposable cuvette, Dimensions: 12.5 x 
12.5 x 45mm, SARSTEDT). Size measurements were 
performed in triplicate. For zeta potential measure-
ment, the sample was prepared at a concentration of 
0.2mg/mL in 10mM NaCl. The pH of both the 
solutions (D-OH and D-TPP; 0.2mg/mL in 10mM 
NaCl) was 5.5. The solution was filtered through 
0.2µm syringe filters directly into the cell (Malvern 
Zetasizer Nanoseries disposable folded capillary cells) 
and three measurements were taken.  

Synthesis 
NAC-NHS linker (8) was synthesized using 

recently published literature procedure by our group 
[44]. D-Cy5 [40] (6) and D-NAC [44] (10) were 
synthesized with minor modifications of our 
published protocols.  

General procedure A (for synthesis of BOC-protected 
bifunctional dendrimer) 

BOC-GABA-OH and DMAP were added to a 
stirring solution of D-OH (compound 1) in anhydrous 
DMF. The solution was stirred at RT for 5 minutes to 
make a clear solution. EDC·HCl was added in 
portions to the reaction mixture. The reaction mixture 
was stirred for 48 h at room temperature. The reaction 
mixture was transferred to 1kDa MW cut-off cellulose 
dialysis membrane and was dialysed against water 
for 24 h, periodically changing water 3-4 times. The 
contents of dialysis tubing were transferred to 
pre-weighed 50 mL falcon tubes and lyophilized to 
get the desired product as white solid. 

General procedure B (for BOC deprotection):  
The BOC-protected dendrimer (2) was placed in 

an oven-dried round bottom flask and DCM was 
added under nitrogen atmosphere. The solution was 
sonicated for 15 minutes to make a cloudy suspension 
followed by the addition of TFA. The ratio of DCM to 
TFA is 4:1. The solution turned clear with the addition 
of TFA. The reaction mixture was stirred vigorously 
for 12 h at room temperature. The color of the reaction 
changed from colorless to light brown. Once 
completed, DCM was evaporated on a rotary 
evaporator. The reaction mixture was diluted with 
methanol and evaporated using a rotary evaporator. 
This procedure was repeated until excess of TFA was 
completely removed. The reaction mixture was left at 
high vacuum for 3 hours to remove any trace of 
solvents to afford bifunctional dendrimer as an 
off-white fluffy hygroscopic material, which was 
directly used for the next step without any further 
purification.  

Synthesis of compound 2a 
D-OH (1.1g, 0.077 mmol), EDC (265.7 mg, 1.386 

mmol), DMAP (112.8 mg, 0.924) and GABA-BOC-OH 
(187.5, 0.924 mmol) were reacted in DMF (10 mL) 
using general procedure A to obtain compound 2a as 
white solid with an 80% yield. 

1H NMR: (500 MHz, DMSO) δ 8.09 -7.77 (m, 
internal amide H, 124 H), 6.82 (s, GABA amide H), 
4.70 (s, surface OH), 4.01 (t, ester linked -CH2, 15H), 
3.39-3.32 (m, dendrimer -CH2), 3.27 (d, J = 5.3 Hz, 
dendrimer -CH2), 3.19 – 3.02 (m, dendrimer-CH2), 2.92 
(d, J = 6.2 Hz, dendrimer-CH2), 2.70 - 2.55 (m, 
dendrimer-CH2 ), 2.45 - 2.39 (m, dendrimer-CH2), 2.23 
– 2.12 (m, dendrimer-CH2), 1.67 – 1.56 (m, GABA 
linker-CH2, 16H), 1.37 (s, BOC H, 78H). 

Synthesis of compound 3a 
Compound 2a was reacted with a mixture of 

DCM (12 mL) and TFA (3 mL) using general 
procedure B to afford compound 3a as off-white 
product in quantitative yield. 

1H NMR (500 MHz, DMSO) δ 8.15-7.82 (m, 
124H), 4.72 (m, surface-OH), 4.10 (m, ester linked H), 
3.40 – 3.12 (m, dendrimer -CH2), 2.66 (m, dendrimer 
-CH2), 2.44 (m, dendrimer -CH2), 2.21 (m, dendrimer 
-CH2), 1.80 (m, GABA linker-CH2).  

Synthesis of compound 4 
To a stirring solution of compound 3a (186 mg, 

0.012 mmol) in DMF (5 mL), we added DIPEA (0.2 
mL) followed by Cy5 NHS ester (10.2 mg, 0.015 mmol) 
dissolved in DMF (1 mL). The reaction mixture was 
stirred for 12 h. Upon completion, the contents of the 
reaction flask were transferred to 1kDa dialysis 
membrane and were dialyzed against DMF for 12 h 
followed by water dialysis for another 12 h to obtain 
the product as blue solid with a 78% yield. 

1H NMR: (500 MHz, DMSO) δ 8.36 (m, Cy5 Ar 
H), 8.18 (m, Cy5 Ar H), (8.07-7.78 (m, internal amide 
H),7.33 (Cy5 H), 6.58 (Cy5 H), 6.30 (Cy5 H), 4.71 (m, 
surface-OH), 4.02 (m, ester linked H), 3.40 – 3.12 (m, 
dendrimer -CH2), 2.66 (m, dendrimer -CH2), 2.44 (m, 
dendrimer -CH2), 2.21 (m, dendrimer -CH2), 1.80 (m, 
GABA linker-CH2), 1.26 (Cy5 H) and 1.13 (Cy5 H). 

Synthesis of compound 5 
To a stirring solution of carboxy propyl triphenyl 

phosphinium bromide (43.62 mg, 0.102 mmol) in 
DMSO (5 mL), we added NHS (20 mg, 0.173 mmol) 
and EDC (32 mg, 0.167 mmol) to activate the acid. The 
stirring continued at RT for three hours followed by 
the addition of compound 4 (175 mg, 0.011 mmol) 
dissolved in DMSO (3 mL). Stirring continued for an 
additional 12 h. The contents of the reaction flask 
were then transferred to 1kDa dialysis membrane and 
were dialyzed against DMF for 12 h followed by 
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water dialysis for another 12 h to obtain the product 
as blue solid with an 84% yield. 

1H NMR: (500 MHz, DMSO) δ 8.36 (m, Cy5 Ar 
H), 8.18 (m, Cy5 Ar H), (7.98-7.38 (m, internal amide H 
and TPP Ar H),7.34 (Cy5 H), 6.59 (Cy5 H), 6.33 (Cy5 
H), 4.72 (m, surface-OH), 3.99 (m, ester linked H), 3.54 
(t, TPP inker -CH2), 3.50 – 3.12 (m, dendrimer -CH2), 
2.71 (m, dendrimer -CH2), 2.25 (m, dendrimer -CH2), 
1.71 (m, GABA linker-CH2 and Cy5 H) and 0.13 (Cy5 
H). 

Synthesis of compound 2b 
D-OH (1.0 g, 0.070 mmol), EDC (67.23 mg, 0.350 

mmols), DMAP (25.63 mg, 0.21 mmol) and 
GABA-BOC-OH (42.63 mg, 0.21 mmol) were reacted 
in DMF (10 mL) using general procedure A to obtain 
compound 2b as white solid with an 82% yield. 

1H NMR: (500 MHz, DMSO) δ 8.09 -7.77 (m, 
internal amide H), 6.83 (s, GABA amide H), 4.71 (s, 
surface OH), 4.00 (t, ester linked -CH2, 15H), 3.39-3.32 
(m, dendrimer -CH2), 3.11 – 3.02 (m, dendrimer-CH2), 
2.70 - 2.55 (m, dendrimer-CH2 ), 2.45 - 2.39 (m, 
dendrimer-CH2), 2.23 – 2.12 (m, dendrimer-CH2), 1.67 
– 1.56 (m, GABA linker-CH2), 1.37 (s, BOC H). 

Synthesis of compound 3b 
Compound 2b was reacted with a mixture of 

DCM (12 mL):TFA (3 mL) using general procedure B 
to afford compound 3b as an off-white product with a 
quantitative yield. 

1H NMR (500 MHz, DMSO) δ 8.14-7.79 (m, 
dendrimer amide H), 4.72 (m, surface-OH), 4.03 (m, 
ester linked H), 3.40 – 3.12 (m, dendrimer -CH2), 2.66 
(m, dendrimer -CH2), 2.44 (m, dendrimer -CH2), 2.21 
(m, dendrimer -CH2), 1.79 (m, GABA linker-CH2).  

Synthesis of compound 6 
To a stirring solution of compound 3b (150 mg, 

0.010 mmol) in DMF (5 mL) we added DIPEA (0.2 mL) 
followed by Cy5 NHS ester (8.5 mg, 0.012 mmol) 
dissolved in DMF (1 mL). The reaction mixture was 
stirred for 12 h. Upon completion, the contents of the 
reaction flask were transferred to 1 kDa dialysis 
membrane and were dialyzed against DMF for 12 h 
followed by water dialysis for another 12 h to obtain 
the product as blue solid with a 76% yield. 

1H NMR: (500 MHz, DMSO) δ 8.37 (m, Cy5 Ar 
H), 8.06 (m, Cy5 Ar H), (8.07-7.78 (m, internal amide 
H),7.33 (Cy5 H), 6.60 (Cy5 H), 6.32 (Cy5 H), 4.72 (m, 
surface-OH), 4.12 (m, -CH2), 4.00 (m, ester linked H), 
3.40 – 3.12 (m, dendrimer -CH2), 2.66 (m, dendrimer 
-CH2), 2.44 (m, dendrimer -CH2), 2.21 (m, dendrimer 
-CH2), 1.80 (m, GABA linker-CH2), 1.30-1.15 (Cy5 H). 

Synthesis of compound 2c 
D-OH (1g, 0.070 mmol), EDC (336 mg, 1.75 

mmol), DMAP (188 mg, 1.54 mmol) and 
GABA-BOC-OH (312.62 mg, 1.54 mmol) were reacted 
in DMF using general procedure A to obtain 
compound 2c as white solid with an 80% yield. 

1H NMR: (500 MHz, DMSO) δ 8.12 -7.76 (m, 
internal amide H), 6.81 (s, GABA amide H), 4.69 (s, 
surface OH), 4.01 (t, ester linked -CH2, 15H), 3.46-3.17 
(m, dendrimer -CH2), 2.91 (m, dendrimer -CH2), 2.66 
(m, dendrimer-CH2), 2.45 - 2.39 (m, dendrimer -CH2), 
2.29-2.20 (m, dendrimer -CH2), 1.62 (m, GABA 
linker-CH2), 1.36 (s, BOC H). 

Synthesis of compound 3c 
Compound 2c was reacted with a mixture of 

DCM (12 mL)/TFA (3 mL) using general procedure B 
to afford compound 3c as an off-white product with a 
quantitative yield. 

1H NMR (500 MHz, DMSO) δ 8.56-7.75 (m, 
dendrimer amide H), 4.04 (m, ester linked H), 3.40 – 
3.15 (m, dendrimer -CH2), 2.84 ((m, dendrimer -CH2), 
2.63 (m, dendrimer -CH2), 2.42 (m, dendrimer -CH2), 
2.21 (m, dendrimer -CH2), 1.81 (m, GABA linker 
-CH2).  

Synthesis of compound 7 
To a stirring solution of carboxy propyl triphenyl 

phosphinium bromide (330 mg, 0.769 mmol) in 
DMSO (5mL) we added NHS (166 mg, 1.44 mmol) 
and EDC (276 mg, 1.44 mmol) to activate the acid. The 
stirring continued at RT for three hours followed by 
the addition of compound 3c (1.58 g, 0.096 mmol) 
dissolved in DMSO (7mL). The stirring continued for 
an additional 12 h. The contents of the reaction flask 
were then transferred to 1kDa dialysis membrane and 
were dialyzed against DMF for 12 h followed by 
water dialysis for another 12 h to obtain compound 7 
as white solid with a 76% yield. 

1H NMR: (500 MHz, DMSO) δ 8.22-7.70 (m, 
internal amide H and TPP Ar H), 4.19 (m, -CH2), 4.00 
(m, ester linked H), 3.54 (t, TPP inker -CH2), 3.56 – 2.29 
(m, dendrimer -CH2), 1.79-1.63 (m, linker -CH2). 

Synthesis of compound 8 
We added a drop-wise addition of a solution of 

N-acetyl cysteine (NAC, 5.74 g, 35.24 mmol, 1.1 eq) 
dissolved in THF (30 mL) to a stirring solution of 
N-succinimidyl 3-(2-pyridyldithio)-propionate (SP 
DP) (10 g, 32.04 mmol) in anhydrous tetrahydrofuran 
(THF, 30 mL) under inert atmosphere. The reaction 
mixture turned yellow within a few minutes. The 
reaction mixture was stirred at RT for 2 h. Upon 
completion, the crude product was purified using 
pre-packaged high performance redisep gold Rf™ 
80-gram silica cartridge on CombiFlash system from 
Teledyne (Lincoln, NE) keeping the flow at 60 
mL/minute. The pure desired product was collected 
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in 4% MeOH in dichloromethane as a white powder 
with a 75.4% yield (8.8 g).  

1H NMR (500 MHz, CDCl3): δ 6.67 (d, J = 6.9 Hz, 
1H), 4.87 (d, J = 5.5 Hz, 1H), 3.31 (ddd, J = 48.8, 14.2, 
4.7 Hz, 2H), 3.13 – 2.99 (m, 4H), 2.88 (s, 4H), 2.09 (s, 
3H).13C NMR (126 MHz, CDCl3) δ 171.9, 171.2, 167.0, 
52.0, 40.0, 32.8, 31.1, 25.5, 22.9. 

Synthesis of compound 9 
A round bottom flask was charged with 

compound 7 (600 mg, 0.028 mmol) dissolved in 
anhydrous DMF (7 mL) with constant stirring under 
inert atmosphere. The pH of the reaction mixture was 
adjusted to 7.0 - 7.5 by addition of DIPEA. The 
reaction mixture was stirred for 30 minutes and once 
the pH was stable the slow addition of compound 8 
(276 mg, 0.758 mmol) dissolved in DMF (5 mL) was 
performed. The stirring continued at room tempera-
ture for 12 h. The reaction mixture was transferred to 
1kDa cut-off dialysis bag and dialyzed against DMF 
for 6 h followed by water for 24 hours, periodically 
changing solvent every 2-3 hours. The contents of 
dialysis tubing were transferred to pre-weighed 50 
mL falcon tubes and were lyophilized to get 
compound 9 as white, fluffy solid with 82% yield.  

1H NMR (500 MHz, DMSO) δ 8.25 – 7.76 ((m, 
amide H and TPP Ar H), 7.36-7.26 (amide H) 4.4511qq 
(s, NAC-CH-), 3.99 (s, ester linked -CH2), 3.53 – 2.20 
(m, dendrimer -CH2), 1.85 (s, N-Acetyl -CH3), 
1.79-1.63 (m, linker-CH2). 

Synthesis of compound 2d 
D-OH (1g, 0.07 mmol), EDC (268 mg, 1.4 mmol), 

DMAP (128.1 mg, 1.05 mmol) and GABA-BOC-OH 
(213 mg, 1.05 mmol) were reacted in DMF (10 mL) 
using general procedure A to obtain compound 2d as 
a white solid with an 84% yield. 

1H NMR: (500 MHz, DMSO) δ 8.09 -7.77 (m, 
internal amide H), 6.82 (s, GABA amide H), 4.70 (s, 
surface OH), 4.01 (t, ester linked -CH2), 3.39-3.32 (m, 
dendrimer -CH2), 3.27 (d, dendrimer -CH2), 3.19 – 3.02 
(m, dendrimer -CH2), 2.92 (d, dendrimer -CH2), 2.70 - 
2.55 (m, dendrimer -CH2), 2.45 - 2.39 (m, dendrimer 
-CH2), 2.23 – 2.12 (m, dendrimer-CH2), 1.67 – 1.56 (m, 
GABA linker-CH2, 16H), 1.37 (s, BOC H). 

Synthesis of compound 3d 
Compound 2d was reacted with a mixture of 

DCM (12 mL)/TFA (3 mL) using general procedure B 
to afford compound 3d as an off-white product with a 
quantitative yield. 

1H NMR (500 MHz, DMSO) δ 8.15-7.82 (m, 
internal amide H), 4.72 (m, surface-OH), 4.10 (m, ester 
-CH2), 3.40 – 3.12 (m, dendrimer -CH2), 2.66 (m, 
dendrimer -CH2), 2.44 (m, dendrimer -CH2), 2.21 (m, 
dendrimer -CH2), and 1.80 (m, GABA linker -CH2).  

Synthesis of compound 10 
A round bottom flask was charged with 

compound 3d (400 mg, 0.026 mmol) dissolved in 
anhydrous DMF (8 mL) with constant stirring under 
inert atmosphere. The pH of the reaction mixture was 
adjusted to 7.0 -7.5 by addition of DIPEA. The reaction 
mixture was stirred for 30 minutes and once the pH 
was stable the slow addition of compound 8 (142 mg, 
0.39 mmol) dissolved in DMF (5 mL) was performed. 
The stirring continued at room temperature for 12 h. 
The reaction mixture was then transferred to 1kDa 
cut-off dialysis bag and dialyzed against DMF for 6 
hours followed by water for 24 hours, periodically 
changing solvent every 2-3 hours. The contents of 
dialysis tubing were transferred to pre-weighed 50 
mL falcon tubes and were lyophilized to get com-
pound 10 as a white, fluffy solid with an 86% yield.  

1H NMR (500 MHz, DMSO) δ 8.20 – 7.75 (m, 
amide H), 4.46 (s, NAC -CH), 4.01 (s, ester linked H), 
3.43 – 3.34 (m, , dendrimer -CH2), 3.18 – 3.03 (m, , 
dendrimer -CH2), 2.94 – 2.82 (m, dendrimer -CH2), 
2.75 – 2.65 (m, , dendrimer -CH2), 2.35 – 2.13 (m, , 
dendrimer -CH2), 1.85 (s, N-Acetyl H), 1.66 (s, GABA 
linker -CH2).  

In vitro mitochondria colocalization, cellular 
uptake, and anti-oxidant evaluation 

Cell culture 
HMC3 human macrophages were acquired from 

ATCC (Manassas, VA). BV2 murine microglia cell line 
was obtained from Children’s Hospital of Michigan’s 
cell culture facility. Both cell lines were cultured in 
DMEM supplemented with 10% heat inactivated FBS 
and 1% P/S (full serum media) in a sterile incubator at 
37 °C and 5% CO2. Cells were collected for passing or 
seeding by incubating for 2 minutes in 0.05% 
trypsin-EDTA. Cell lines were maintained by 
passaging every 2 days, and cells were seeded on well 
plates for experiments when 80-90% confluent.  

Confocal microscopy and mitochondrial 
colocalization 

HMC3 human macrophages were seeded in 
glass-bottom culture dishes in full serum media. 
HMC3 cells were used due to their large cell bodies 
for optimal visualization of mitochondria targeting. 
Cells were treated with Cy5 fluorescently labelled 
dendrimer (D-Cy5) and TPP-conjugated Cy5-labelled 
dendrimer (TPP-D-Cy5) for 48 hours in DMEM with 
5% heat inactivated FBS and 1% P/S (half-serum 
media). The cells were then rinsed three times in 
sterile PBS and fixed in 5% formalin solution. Cells 
were then stained with rabbit anti-mouse AIF primary 
antibody (1:200) and goat anti-rabbit Alexafluor 488 
(1:200) to label mitochondria, Lectin Dylight 594 
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(1:1000) to label microglia/macrophage membranes, 
and NucBlue to label cell nuclei. Cells were imaged 
using an LSM710 confocal microscope (Zeiss) under a 
63x oil objective. Image capture settings, such as laser 
power, pinhole, gain, and averaging, were kept 
constant across samples.  

Image processing was performed in Zen 2011 
software (Zeiss). For colocalization analyses, untreat-
ed cells were used to set background fluorescence 
thresholds to calculate colocalization coefficients 
between anti-AIF mitochondria marker and Cy5 
dendrimer signal, signifying the percentage of overla-
pped pixels between dendrimer and mitochondria out 
of total mitochondrial pixels. Representative fluoresc-
ence line profiles between mitochondria and dendri-
mer signals were obtained in the Zen 2011 software.  

Mitochondrial isolation and dendrimer quantification 
Dendrimer quantification from cell extracts were 

performed as previously described with 
modifications for mitochondrial isolation [45]. For 
quantification of internalized dendrimer and cell 
fractionation, BV2 murine microglia were seeded on 
60mm culture dishes in full serum media. BV2 cells 
were used for quantification rather than HMC3 
macrophages because BV2 cells yielded greater 
isolated mitochondria pellets. Once ~80% confluent, 
cells were treated with 50 µg/ml D-Cy5 or TPP-D-Cy5 
in serum-free media for 24 hours. Cells were collected 
by trypsinization and centrifugation. Cells were 
freshly fractionated to isolate mitochondria fractions 
to quantify dendrimer content targeted to the 
mitochondria using the mitochondria isolation from 
cultured cells kit (Thermofisher). Isolated mitochon-
dria pellets were resuspended in isolation buffer, and 
dendrimer were extracted via three cycles freeze/ 
thaw in liquid nitrogen. Dendrimer fluorescence was 
measured using a microcuvette (Starna Cell, CA, 
USA) on a Shimadzu RF-3501PC spectrofluorophoto-
meter (Shimadzu Corporation, Columbia, MD). 
Fluorescence calibration curves were constructed in 
mitochondrial isolation buffer from known 
concentrations of each type of dendrimer. Untreated 
cells were used to subtract fluorescence background 
signal, and fluorescence intensity readings were 
converted to a mass basis. Both the mitochondrial and 
non-mitochondrial fractions were measured, and total 
cellular dendrimer content was calculated as the sum 
of these two fractions. Mitochondrial partitioning was 
calculated by dividing the dendrimer content in 
mitochondria by the total cellular content.  

Mitochondrial superoxide and transmembrane 
potential detection 

In acute oxidative stress injury, BV2 microglia 

were seeded on 96-well plates at a density of 10,000 
cells per well in full serum media. Once near 
confluence, cells were stimulated with 50µM 
hydrogen peroxide (H2O2) in half-serum medium for 
2 hours followed by treatment with 
dendrimer-conjugated NAC (D-NAC) and 
TPP-conjugated D-NAC (TPP-D-NAC) in half-serum 
medium at 0.5, 1.0, and 10 µg/ml on a NAC drug 
basis. 1% DMSO in medium was used to solubilize the 
treatment compounds. Mitochondrial superoxide 
formation was assessed using Molecular Probes 
MitoSOX superoxide indicator and read on a Synergy 
MX plate reader (Biotek, VT, USA). To test 
transmembrane potential, BV2 cells were likewise 
seeded in 96-well plates and stimulated with 50µM 
H2O2. Cells were then treated in half-serum medium 
with free NAC, D-NAC, or TPP-D-NAC for 6 hours. 
Mitochondrial transmembrane potentials were 
assessed with tetramethylrhodamine, ethyl ester 
(TMRE), which localizes to the mitochondrial 
membrane in a membrane polarization dependent 
manner. Cells were treated with 500nM TMRE for 30 
minutes following drug treatment and analyzed on 
the plate reader.  

In chronic oxidative stress injury, BV2 cells were 
seeded in 96-well plates at a density of 10,000 cells per 
well in full-serum medium. Cells were stimulated 
with 50µM H2O2 for 2 hours, followed by cotreatment 
of free NAC, D-NAC, and TPP-D-NAC with 5µM 
H2O2 for 24 hours. Mitochondria superoxide was 
measured on a plate reader after treatment with 
MitoSOX superoxide indicator.  

Cell viability for cytotoxicity and oxidative stress 
induced cell death 

Cell viability was assessed via MTT assay in 
healthy BV2 murine microglia to confirm the 
cytotoxicity profile of TPP and TPP-conjugated 
dendrimer (D-TPP). Cells were seeded in 96-well 
plates in full-serum medium and treated for 24 hours 
in half-serum medium. Cells were treated with 1, 10, 
100, and 1000 µg/ml D-TPP and 1, 10, and 100 µg/ml 
free TPP. 1% DMSO was used to solubilize the 
treatment compounds, and control cells were treated 
with equivalent DMSO content. For the MTT assay, 
100 µL fresh media was applied to wells along with 10 
µL of 12mM MTT solution for 4 hours following 
treatment. The resulting converted formazan was 
dissolved in 150µL DMSO and analyzed on a plate 
reader. Cell viability was normalized to control cells.  

Oxidative stress-induced cell death was obtained 
from modified previously reported protocols.[46, 47] 
BV2 cells were pretreated for 24 hours with free NAC, 
D-NAC, or TPP-D-NAC. 1% DMSO was used to 
dissolve the treatments, and control cells were treated 
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with equivalent DMSO content. Cells were then 
stimulated with H2O2 for 3 hours at 500 µM. For cell 
viability experiments via MTT assay, cells were 
seeded in 96-well plates for treatment and assessed 
with MTT as described above. For cell viability 
experiments via trypan blue exclusion, cells were 
seeded in 12-well plates. Cells were collected by 
trypsinization and resuspended in fresh medium. 
Nonviable cells were labeled by mixing cell solutions 
1:1 with trypan blue solution. Living and dead cells 
were counted with a hemocytometer (Hausser 
Scientific, PA, USA) under a light microscope.  

Statistical Analysis 
Error bars presented in figures denote mean ± 

standard error of the mean (SEM). Comparisons 
between groups were performed with Student’s 
t-tests. Two-way Analysis of Variance (ANOVA) tests 
were performed to compare treatment groups across 
multiple time points or doses. For colocalization 
analysis of confocal images, 4-5 images containing 2-4 
cells each were averaged and analyzed for statistics. 
For quantification studies and efficacy studies, n = 3 
independent trials were run with n = 2 internal 
replicates each. Statistical analyses were performed in 
IBM SPSS v21 software (IBM Corporation, NY, USA). 
Graphs were formulated with Graphpad Prism v5.0 
(Graphpad Prism, CA, USA). 

In vivo evaluation in rabbit model of TBI 

Animals 
New Zealand white rabbits were purchased 

from Robinson Services Inc. (Mocksville, NC) and 
arrived at the facility one week before in-house 
breeding. All of the kits were delivered naturally and 
remained with their mother. All animals were housed 
under ambient conditions (22°C, 50% relative 
humidity, and a 12-h light/dark cycle), and necessary 
precautions were taken throughout the study to 
minimize pain and stress. Experimental procedures 
were approved by the Johns Hopkins University 
Animal Care and Use Committee (ACUC). 

TBI surgical procedures 
TBI surgery was performed as previously 

described [48]. In brief, rabbits were anesthetized on 
postnatal day 5 (PND5) with dexmedetomidine 
hydrochloride (30 μg/kg, subcutaneously) and 
anesthesia was maintained with 2% inhaled 
isoflurane. A computer-operated thermal blanket pad 
and a rectal thermometer allowed maintenance of 
body temperature within normal limits (∼37°C). 
Respirations were monitored, and no apnea or 
hypoventilation was noted. An 8-mm craniotomy was 
made on the left hemisphere lateral to the sagittal 

suture and centered between bregma and lambda. 
The skull at the craniotomy site was removed without 
disrupting the underlying dura. A controlled cortical 
impact (CCI) device was used to injure the exposed 
cortex (6-mm flat impactor tip, velocity of 5.5 m/sec, 
duration of 50–60 msec, and a depth of 2 mm). After 
the injury, the skull was replaced over the injury site 
and secured with dental cement. The skin was then 
sutured together, and the animals were placed in an 
animal incubator to recover. 

TPP-D-Cy5 injection and immunohistochemistry 
TPP-D-Cy5 (55mg/kg) was administered 

intravenously at 6 hours post-TBI injury. Rabbit kits 
were anesthetized and transcardially perfused with 
saline at 24 hours post TPP-D-Cy5 injection. The 
brains were removed, post-fixed in 10% formalin for 
48 hours and cryoprotected in 30% sucrose. Coronal 
brain sections (40 μm, 1:6 series) were sectioned using 
a cryostat (Leica) and mounted on gelatin-coated glass 
slides. Sections were incubated overnight at 4°C with 
goat-anti-IBA1 antibody (1:500, Abcam, Cambridge, 
MA) and mouse anti-mitochondria [MTC02] antibody 
(1:250, Abcam, Cambridge, MA). Sections were 
subsequently washed and incubated with fluorescent 
secondary antibody (1:250; Thermo Scientific, 
Waltham, MA) for 2 h at room temperature. All 
sections were incubated with DAPI (Thermo Fisher 
Scientific, MA, USA) (1:1000) for 15 min. Images were 
acquired using LSM710 confocal microscope (Zeiss, 
Thornwood, NY, USA) and processed with Zen 2011 
software (Zeiss, Thornwood, NY, USA).  

Results and Discussion 
Synthesis and characterization of TPP-D-Cy5 
and D-Cy5 

One of the key limitations of existing 
mitochondrial-targeting nanocarriers is that these 
cannot differentiate between healthy and diseased 
cells. In contrast, the hydroxyl PAMAM dendrimer 
nanoplatform presented here has the inherent ability 
to accumulate selectively in the activated glia at the 
site of inflammation in the brain upon systemic 
administration [20, 34, 49, 50]. Moreover, PAMAM 
dendrimers have outstanding cellular internalization 
potential which makes them excellent carriers for 
cellular and organelle delivery [51-53]. To incorporate 
both mitochondrial targeting and imaging 
functionalities in a single dendrimer, we developed a 
multifunctional dendrimer conjugate (TPP-D-Cy5 (5), 
Figure 1A) by the covalent attachment of 
mitochondrial targeting moiety TPP and near 
infra-red imaging dye cyanine 5 (Cy5) with amide 
linkages. We envisioned the attachment of only 6-7 
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TPP molecules (~10% of the 64 OH surface groups) on 
D-OH to maintain the dendrimer’s transport 
properties and its inherent targeting potential to 
accumulate in activated mi/ma [37, 53]. Moreover, 
TPP is a highly hydrophobic moiety and attachment 
of more groups can compromise dendrimer’s aqueous 
solubility. Recent studies have also shown around 5 
TPP moieties as the optimum number to conjugate on 
cationic G4 PAMAM dendrimer to achieve significant 
mitochondrial targeting [42]. However, the potential 
translation of cationic dendrimers is hampered by 
their toxicity [54]. Therefore, we started the synthesis 
from neutral D-OH (1, Figure 1A), which exhibits a 
superior safety profile and mi/ma targeting 
compared to previously studied cationic PAMAM 
dendrimer [54, 55]. D-OH was reacted with 
BOC-GABA-OH in the presence of coupling reagents 

EDC and DMAP to get BOC protected bifunctional 
dendrimer (2a). Since all the reagents and side 
products were water soluble, the conjugate was 
purified through extensive water dialysis using 2kDa 
cut-off dialysis membrane. The successful attachment 
of GABA-BOC linkers was confirmed by 1H NMR 
analysis which showed the presence of protons at 𝛿𝛿 
1.37 ppm corresponding to the tert-butyl groups of 
BOC and methylene protons of dendrimer next to the 
ester group at 𝛿𝛿 4.02 ppm (Figure 2A, bottom Red 
NMR). By comparing the integration of internal 
amide protons of dendrimer (𝛿𝛿 8.14-7.71 ppm) to BOC 
protons of linker and ester methylene protons of the 
dendrimer, we confirmed the attachment of 
approximately 8 GABA-BOC molecules on the 
dendrimer surface. 

 

 
Figure 1 . Synthesis of non-targeting and mitochondria targeting dendrimer conjugates. A Synthesis of TPP-D-Cy5 and D-Cy5; and B synthesis of 
TPP-D-NAC and D-NAC: Reagents and conditions: i) GABA-BOC-OH, EDC, DMAP, DMF, 48 h, RT; ii) DCM:TFA (4:1), 12 h, RT; iii) DIPEA, DMF, 12 h, RT; iv) NHS, 
EDC, DMSO, 12 h, RT; v) N-Acetyl-L-cysteine, anhydrous THF, 2h vi) DIPEA, DMF, 12 h, RT. 
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Figure 2. Characterization of intermediates and dendrimer conjugates. A 1H NMR comparison of intermediates and final dendrimer conjugates showing 
the appearance/disappearance of characteristic proton signals; B HPLC traces of intermediates and final conjugates showing shifts in the retention time (6.6 
minutes-bifunctional dendrimer; 7.8 minutes-free TPP; 7.3 minutes-TPP-D-Cy5 and 7.0 minutes-TPP-D-NAC); and C MALDI-ToF spectrum of TPP-D-NAC. 
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During the next step, we performed the BOC 
deprotection under mildly acidic conditions using 
DCM:TFA mixture in the ratio 4:1 to get bifunctional 
dendrimer 3a with amine groups as a TFA salt. The 1H 
NMR confirmed the absence of BOC protons showing 
the successful deprotection. The amine groups were 
then available to attach both targeting and imaging 
agents. We used one to two amine groups to attach 
Cy5 and the rest were utilized for the conjugation of 
TPP moieties. Bifunctional dendrimer 3a was reacted 
with the Cy5-N-hydroxysuccinimidyl (Cy5-NHS) 
ester in the presence of N, N diisopropyl ethyl amine 
(DIPEA) to afford fluorescent dendrimer 4. The 
proton NMR analysis showed the presence of protons 
corresponding to Cy5 (Figure 2A, blue). The 
remaining amine groups on dendrimer 4 were then 
reacted with (3-carboxypropyl) triphenylphosphon-
ium bromide via activated acid-amine coupling 
reaction to obtain final mitochondrial targeting 
fluorescent conjugate 5 (TPP-D-Cy5). The proton 
NMR spectra in figure 2A (magenta is Free TPP, 
green is TPP-D-Cy5) depicts the presence of aromatic 
protons of phenyl rings of TPP confirming the 
product formation. We further analyzed the purity of 
intermediates and the final product using HPLC 
(Figure 2B). The HPLC chromatogram showed shifts 
in retention time with the formation of each 
successive intermediate and final conjugate. The 
retention time of bifunctional dendrimer in the HPLC 
is 6.6 minutes, whereas the hydrophobic free TPP 
elutes later at 7.9 minutes at 210 nm. Upon 
conjugation of TPP and Cy5 (TPP-D-Cy5), the 
conjugate elutes at 7.4 minutes. After conjugation of 
the fluorescent tag, the dendrimer starts to show 
strong absorbance at 650 nm. HPLC traces further 
confirmed the absence of any impurities in the final 
product. We further analyzed the size and zeta 
potential distribution of D-TPP using dynamic light 
scattering. We synthesized D-TPP without Cy5 
(Supplementary Scheme S1) for size and zeta 
measurements using DLS since fluorescent dyes 
interfere with these measurements. After the addition 
of TPP on dendrimer surface, its size increased from 
4.4 nm to 5.2 nm (Table 1) and zeta potential changed 
from neutral (+4.5mV, Table 1) to cationic (+17.8 mV, 
Table 1). For comparison purposes we also 
synthesized non-mitochondrial targeting fluorescent 
dendrimer conjugate (D-Cy5, 6, Figure 1A) using our 
previously published protocol with minor modifica-
tions.[40] Briefly, we synthesized BOC-protected 
dendrimer 2b which was converted to bifunctional 
dendrimer 3b using TFA, and further reacted with 
Cy5-NHS ester. The final conjugate D-Cy5 (6) was 
characterized using NMR and HPLC (Supplementary 
Figures S7 and S16). The stability of Cy5 conjugated 

dendrimer (D-Cy5) at physiological conditions has 
been extensively evaluated previously by our group 
[40]. 

 

Table 1. Dynamic light scattering (DLS) and Zeta potential (ζ) 
measurements of D-OH, D-TPP and TPP-D-NAC: 

Dendrimer Size(nm) Zeta potential (ζ, mV) 
D-OH 4.4±0.2 4.5 ± 0.6 
D-TPP  5.2±0.1 17.8±0.5 
TPP-D-NAC 7.5±0.2 16.9±0.4 

 

Synthesis and characterization of TPP-D-NAC 
and D-NAC 

One of the current common strategies to develop 
mitochondrial targeting therapeutics is to directly 
conjugate potent anti-oxidant drugs to TPP to 
enhance their cellular or organelle delivery, for 
example, mitoNAC and mitoQ etc. [56, 57]. However, 
the poor pharmacokinetics, undesirable biodistri-
bution profiles, and nonspecific cellular targeting 
associated with certain drugs cannot be further 
improved using this approach. Free NAC is known 
for non-specific binding to plasma proteins due to the 
presence of its thiol group and is thus given in high 
doses to observe a therapeutic effect [19]. The 
dendrimer-based platform presented here can not 
only improve the cellular trafficking of NAC 
specifically to the mitochondria of diseased cells but 
also enhance its stability and pharmacokinetic profile. 
Moreover, the dendrimer-based platform allows the 
delivery of high drug payloads to the desired target 
mitochondrial location compared to the direct 
one-to-one TPP conjugation to antioxidant. 

To evaluate the impact of mitochondrial 
targeting on the efficacy of the dendrimer-NAC 
conjugate, we synthesized TPP-D-NAC and D-NAC 
(Figure 1B). The synthesis of TPP-D-NAC started 
with the modification of D-OH (1, Figure 1A) to get 
BOC-protected bifunctional dendrimer (2c) which 
was further converted to bifunctional dendrimer 3c by 
deprotecting BOC groups. The bifunctional 
dendrimer (3c) was synthesized to have around 18 
GABA arms with amine termini; 7 of which were 
utilized to attach TPP and the rest were consumed by 
NAC attachment. The dendrimer (3c) was first reacted 
with carboxy propyl TPP using an activated 
acid-amine coupling to obtain dendrimer 7. 
Separately, NAC-NHS linker (8) was synthesized by 
reacting NAC with SPDP in tetrahydrofuran followed 
by the reaction with dendrimer (7) at pH 7.0-7.5 to 
obtain TPP-D-NAC (9). The confirmation of 
intermediates and the final conjugate was achieved by 
proton NMR and HPLC. 1H NMR of TPP-D-NAC 
(Figure 2A, dark red) showed the presence of 
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aromatic TPP protons, NAC amide protons and 
internal amide protons of dendrimer (𝛿𝛿 8.26-7.68 
ppm) along with NAC protons corresponding to -CH 
(𝛿𝛿 4.46 ppm) and -CH3 groups (𝛿𝛿 1.86 ppm). HPLC 
analysis (Figure 2B) showed a retention time of 7.1 
minutes for TPP-D-NAC. MALDI-ToF spectrum 
depicted a peak around 20,482 Da (Figure 2C) and the 
theoretical molecular weight of TPP-D-NAC is 20,430 
Da. After the addition of TPP and NAC on dendrimer 
surface, its size increased from 4.4 nm to 7.5 nm 
(Table 1) and zeta potential changed from neutral 
(+4.5 mV, Table 1) to cationic (+16.9 mV, Table 1). 
The delocalized nature of the cationic charge with TPP 
prevents the significant cytotoxic effects displayed by 
amine-terminated dendrimers despite similar zeta 
potential (~+18 mV). A small reduction in zeta 
potential for TPP-D-NAC (+16.9 mV) as compared to 
D-TPP (+17.8 mV) might be due to the presence of 
carboxylic acid groups of NAC. We further 
synthesized non-mitochondrial targeting D-NAC (10) 
conjugate for comparison purpose. D-NAC was 
synthesized with minor modifications using recently 
published procedure by our group (Figure 1B).[44] 
Briefly, D-OH was modified to get dendrimers 2d and 
3d with 11 GABA arms attached. Bifunctional 
dendrimer (3d) was finally reacted with the 
NAC-NHS linker (8) at pH 7.0-7.5 to obtain D-NAC 
(10). D-NAC was characterized by NMR and HPLC 
(Supplementary Figures S14 and S18). The proton 
NMR spectra for all the intermediates and final 
conjugates are available in the supplementary 
information (Supplementary Figures S1 to S14).  

TPP conjugation enhances dendrimer 
co-localization with mitochondria in vitro 

We next looked in vitro to further explore the 
mitochondrial targeting capabilities of TPP- 
conjugated dendrimer. To assess the targeting 
capabilities of the TPP-conjugated dendrimer 
compared to unmodified dendrimer, human 
macrophage cell line HMC3 cells were incubated with 
Cy5-labeled dendrimers for 48 hours. Macrophages 
were chosen as the cell type of interest based on our 
previous in vivo work with dendrimers, where we 
have shown that dendrimer uptake is predominantly 
localized to activated microglia and macrophages in 
multiple models of neurodegenerative disorders, as 
opposed to other cells like neurons [34, 36, 37, 40]. 
TPP-D-Cy5 exhibits highly punctated signal 
corresponding to the mitochondria marker, indicating 
a high degree of colocalization, as denoted by the 
yellow color signifying the overlapping of the red 
dendrimer signal and green mitochondrial signal 
(Figure 3A). In contrast, D-Cy5 exhibits the expected 
diffuse cytosolic signal previously shown in both in 

vitro and in vivo macrophages [45, 50, 55]. D-Cy5 
treated cells do exhibit some mitochondria-dendrimer 
signal overlap, but this overlap appears to arise from 
the broadness of cytosolic dendrimer signal rather 
than specific interactions with mitochondria. 
Semi-quantitative fluorescence colocalization analysis 
of treated cells confirms that TPP-D-Cy5 colocalizes 
with mitochondria to a significantly greater degree 
than D-Cy5 (Figure 3B). Approximately 75% of 
mitochondria pixels are colocalized with dendrimer 
signal with TPP-D-Cy5 treatment, compared to only 
approximately 45% exhibited by D-Cy5 treatment (p < 
0.001). Similarly, fluorescence line profiles through 
cells illustrate the close correspondence between 
TPP-D-Cy5 and mitochondria signals, while D-Cy5 
profiles show regions of mitochondrial signal absent 
dendrimer signal and vice versa (Figure 3C). Notably, 
the mitochondrial colocalization exhibited by D-Cy5 
of approximately 45% is much greater than has been 
previously reported for non-targeting nanoparticles, 
which typically exhibit mitochondrial colocalization 
levels of 10-20%, and is similar to the colocalization 
levels exhibited by mitochondria-targeting modified 
versions of these nanoparticles of 40-60%.[6, 23] This 
observed effect may partially arise from the relatively 
high cytosolic content of the dendrimer compared to 
other nanoparticles of similar size, which broadly 
overlaps with mitochondrial signal nonspecifically 
[45, 58, 59]. This suggests that hydroxyl-terminated 
PAMAM dendrimers are superior vehicles for 
intracellular targeting, and that their inherent 
intracellular targeting capabilities can be significantly 
enhanced through modification with targeting 
moieties.  

TPP-conjugated dendrimer partitions 
preferentially to mitochondria without 
altering overall cellular internalization 

To further evaluate the mitochondrial targeting 
capabilities of the modified dendrimer, mitochondrial 
isolation and fluorescence quantification were 
performed. BV2 murine microglia were treated with 
TPP-D-Cy5 or D-Cy5 for 48 hours, followed by 
mitochondrial isolation. Dendrimer was extracted 
from mitochondria and cytosolic fractions and 
measured for fluorescence intensities, which were 
then converted to mass quantities through the use of 
appropriate calibration curves. Surface conjugation 
with 6-7 TPP molecules did not influence cellular 
internalization of the dendrimer (p > 0.2) despite the 
additional mass and cationic charge provided by the 
TPP molecules (Figure 4A). This indicates that the 
overall transport properties of the dendrimer were 
retained with approximately 13 wt% loading of the 
TPP targeting moiety, consistent with previous 
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studies where we have shown that up to 20 wt% 
loading of conjugated drug molecules does not affect 
biological interactions between dendrimers and cells 
[37]. However, TPP-D-Cy5 exhibited significantly 
greater partitioning to the isolated mitochondrial 
fraction compared to D-Cy5 (p < 0.01), and this effect 

increased with longer incubation times (Figure 4B). 
After 24 hours, TPP-D-Cy5 exhibits approximately 
1.5-fold greater accumulation in the mitochondrial 
fraction, while after 48 hours this effect increases to a 
2-fold difference.  

 

 
Figure 3. TPP enhances dendrimer colocalization with mitochondria. HMG3 human macrophages were treated with 50 µg/mL DCy5 or TPPDCy5 (red) 
for 48 hours, fixed, and stained with anti-AIF to mark mitochondria (green), DAPI to label nuclei (blue), and lectin to label cell membranes (cyan). A TPPDCy5 
colocalizes strongly with mitochondrial signal, as illustrated by the yellow signal of overlapping red and green, while DCy5 exhibits diffuse signal with regions of 
dendrimer-free mitochondria and vice versa. B Semi-quantitative analysis of colocalization demonstrates that TPPDCy5 exhibits significantly greater colocalization 
with mitochondria than DCy5. *** p < 0.001 in Student’s t-test. C Fluorescence line profile through representative cells show that TPPDCy5 signal aligns closely with 
mitochondria signal while DCy5 signal does not. 



 Theranostics 2018, Vol. 8, Issue 20 
 

 
http://www.thno.org 

5542 

 
Figure 4. Quantitative assessment of mitochondrial dendrimer content. Mitochondrial isolation was performed on cells treated with dendrimer at 50 
µg/mL. A Conjugation of TPP ligand to dendrimer does not affect overall cellular internalization after 24 hour treatment. n.s. p > 0.1 in Student’s t-test. B TPPDCy5 
exhibits significantly greater levels in mitochondria compared to DCy5 as a percentage of total cellular dendrimer content in a time-dependent manner. ** p < 0.01, 
F = 9.32 with treatment in two-way ANOVA. 

 

 
Figure 5. TPP conjugation enhances therapeutic efficacy of D-NAC 
in mitochondrial oxidative stress. A For acute oxidative stress injury, BV2 
murine microglia were stimulated with 50 µM H2O2 for 2 hours, then treated 
with dendrimer for 6 hours, and analyzed with MitoSOX to measure 
mitochondrial superoxide levels. When compared to the H2O2 group, 
TPP-D-NAC exhibits a significant dose-dependent reduction in mitochondria 
superoxide while D-NAC did not under conditions of oxidative stress. ** p < 
0.01 in Student’s t-test compared to H2O2 group. B TPP-D-NAC ameliorates 
oxidative stress-induced membrane depolarization. * p < 0.05, F = 5.632 with 
treatment in two-way ANOVA. C For long term oxidative stress insult, cells 
were stimulated with 50 µM H2O2 for 2 hours, followed by cotreatment of free 
NAC, D-NAC, or TPP-D-NAC with 5 µM H2O2 for 24 hours. TPP-D-NAC 
exhibits greater reduction in mitochondrial superoxide than DNAC and free 
NAC. * p < 0.05 in Student’s t-test compared to H2O2 group. 

We next sought to leverage the mitochondria 
targeting capabilities of the modified dendrimer to 
deliver anti-oxidant compound N-acetyl cysteine 
(NAC) for improved anti-oxidant effects because of 
the central role of mitochondria in producing reactive 
oxygen species. We have previously reported the 
enhanced efficacy of dendrimer conjugated NAC 
(D-NAC) compared to freely administered NAC in a 
variety of in vitro and in vivo models [20, 34, 35]. In this 
work, we developed a new compound, with the 
dendrimer conjugated to TPP for mitochondrial 
targeting and NAC as an anti-oxidant (TPP-D-NAC) 
to further enhance the therapeutic efficacy. To ensure 
that results were not confounded by cytotoxic effects, 
MTT cell viability assays were performed to establish 
the in vitro toxicity of TPP and TPP-conjugated 
dendrimer at doses in the experimental range. Neither 
TPP-conjugated dendrimer nor free TPP exhibited 
any reduction in cell viability at the doses tested 
(Supplementary Figure S19). The safety profiles of 
unmodified hydroxyl PAMAM dendrimers and 
D-NAC have been extensively explored and found to 
be nontoxic far above the dosing range used in this 
study [60-62].  

In vitro efficacy of TPP-D-NAC against 
mitochondrial oxidative stress 

Dendrimers were evaluated under in vitro 
conditions of oxidative stress induced by treatment 
with hydrogen peroxide (H2O2). BV2 mouse 
microglial cells were stimulated with 50 µM H2O2 for 
2 hours, followed by dendrimer treatment for 6 hours. 
Both D-NAC and TPP-D-NAC exhibited a dose- 
dependent reduction in mitochondrial superoxide 
production (Figure 5A). However, TPP-D-NAC 
exhibited slightly greater efficacy compared to 
D-NAC, with only TPP-D-NAC group (at 1 and 10 
µg/ml on a NAC basis) exhibiting significantly 
reduced superoxide compared to untreated H2O2 
stimulated cells (p < 0.01). At 10 µg/ml, TPP-D-NAC 
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was able to return the mitochondrial superoxide 
levels back to within 10% of healthy control cells. We 
also evaluated the recovery of mitochondria 
transmembrane potential, which is decreased under 
oxidative stress due to membrane depolarization [63]. 
Similarly, both D-NAC and TPP-D-NAC exhibited a 
dose-dependent recovery in mitochondrial membrane 
polarization, while a 10-fold greater dose of freely 
administered NAC showed no efficacy (Figure 5B). 
TPP-D-NAC exhibited a significantly greater effect 
compared to D-NAC (p < 0.05), with the high dose of 5 
µg/ml TPP-D-NAC restoring mitochondrial membr-
ane potential back to approximately 90% of healthy 
cell levels. We also looked at continuous exposure to 
oxidative stress stimulus with a co-treatment of 5 µM 
H2O2 with dendrimer for 24 hours following the initial 
2-hour stimulation. Free NAC exhibited no effect, 
while D-NAC exhibited a modest decrease in 
superoxide levels (Figure 5C). TPP-D-NAC exhibited 
slightly greater effect compared to D-NAC, with the 
high dose significantly lowering superoxide levels 
compared to H2O2 stimulated cells (p < 0.05). 

Given the significantly greater mitochondrial 
targeting capabilities of TPP-conjugated dendrimers 
compared to unmodified dendrimers, we expected 
greater improvements in mitochondrial recovery. 
Studies with mitochondrial targeting properties 
generally report drastic improvements in efficacy 
when delivering drugs with mitochondrial targeting 
nanoparticles while unmodified nanoparticles exhibit 
mild or inconsistent effects [21, 23]. We attribute the 
modest improvements of TPP-D-NAC compared with 
D-NAC to the over-performance of D-NAC at 
addressing mitochondrial oxidative stress, as well as 
NAC conversion to glutathione in the cytosol. As 
discussed previously, unmodified dendrimer exhibits 
mitochondrial targeting capabilities similar to other 
nanoparticles modified with mitochondrial targeting 
ligands [6, 23]. Additionally, oxidative stress can 
compromise the integrity of the mitochondrial 
membrane to increase permeability, leading to an 
efflux of compounds that are typically localized to 
mitochondria [64]. Reactive oxygen species are 
therefore able to be released into the cytosol, where 
they can be equally accessed by D-NAC and 
TPP-D-NAC in the cytosol. Additionally, we have 
reported previously that D-NAC treatment 
significantly increases glutathione levels in vivo in 
models of Rett syndrome and cerebral palsy, 
indicating the contribution of delivered NAC in 
glutathione production [20, 34]. Therefore, the NAC 
from both TPP-D-NAC and D-NAC act as precursors 
for glutathione production and ROS scavengers in the 
cytosol, while the modestly enhanced efficacy of 
TPP-D-NAC is due to the greater mitochondrial 

targeting leading to more ROS scavenging in the 
mitochondrial compartment compared to D-NAC. 
Further exploration is necessary to understand the 
precise mechanisms and respective contributions to 
differences between D-NAC and TPP-D-NAC. 

 Next, we created a more severe oxidative stress 
injury to determine differences between D-NAC and 
TPP-D-NAC. BV2 cells were preincubated with the 
dendrimers for 24 hours, followed by stimulation 
with 500 µM H2O2 for 3 hours to create oxidative 
stress-induced cell death. At that point, cells begin to 
exhibit significant membrane blebbing, an effect 
which is mediated by the release of caspases from the 
mitochondrial intermembrane space [65]. In the MTT 
assay, TPP-D-NAC significantly preserved the 
metabolic activity of H2O2 stimulated cells (p < 0.01) 
(Figure 6A). In the context of oxidative stress and 
mitochondrial damage, the MTT assay serves as a 
measure of mitochondrial metabolism rather than 
overall cell viability. This is due to the role of NADPH 
(produced by the mitochondria) in both converting 
MTT to formazan and inactivating reactive oxygen 
species [66]. Therefore, superior scavenging of 
mitochondrial reactive oxygen species by TPP-D- 
NAC in the mitochondrial compartment results in 
minimal depletion of NADPH, which allows NADPH 
to instead act on the MTT to formazan conversion 
process. Due to the observed membrane blebbing, we 
also assessed cell viability via trypan blue exclusion 
for membrane integrity. In trypan blue exclusion, free 
NAC and D-NAC failed to exhibit any protective 
efficacy, while TPP-D-NAC exhibited a dose- 
dependent protection of cell viability (p < 0.001), with 
the high dose elevating cell viability up to 
approximately 75% of healthy cells (Figure 6B). There 
are two major mitochondrial-mediated mechanisms 
by which oxidative stress induces cell death: necrosis 
caused by ATP depletion and activation of the 
caspase-3 pathway by cytochrome C leakage into the 
cytosol [4, 67]. We theorize that the caspase- 
dependent pathway is being attenuated by our 
mitochondrial targeting intervention due to the 
presence of membrane blebbing, which is mediated 
by caspase release from the mitochondrial intermem-
brane space, although the precise mechanism of 
action remains to be explored in future studies [65]. 
Further understanding of this mechanism can inform 
the design of mitochondrial targeting dendrimer 
constructs targeted to specific pathways. The 
significantly improved efficacy of TPP-D-NAC 
compared to D-NAC and free NAC, along with 
improved amelioration of mitochondrial superoxide 
and transmembrane potential, demonstrate that this 
targeted construct could be highly beneficial for 
enhancing therapeutic outcomes in brain injuries 
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where oxidative stress-induced cell death plays a 
significant role in disease progression, such as in 
neurodegenerative diseases including Parkinson’s 
disease and Alzheimer’s disease, as well as in and TBI. 

In vivo uptake of TPP-D-Cy5 in a pediatric TBI 
model 

Impaired mitochondrial function following TBI 
has been widely addressed as a central phenomenon 
of the post-traumatic neurometabolic cascade [68]. 
Studies show that injury induces prominent depolari-
zation of the plasma membrane and massive Ca2+ 
influx into the cell, which results in mitochondrial 
dysfunction [69], and subsequent initiation of cell 
death pathways [70]. Drugs that target mitochondrial 
dysfunction specifically in the diseased cells and 
rescue cell death may provide therapeutic effects 
following TBI. In this study, we used a pediatric rabbit 
model of traumatic brain injury (PND 5) to focus on 
the long-lasting developmental and functional 
impacts of childhood brain trauma [48]. Even though 
we used a pediatric model, by PND5 the BBB is 
well-developed and intact in healthy animals, similar 
to what would be expected in adult animals. We have 
shown previously that the brains in neonatal rabbits 
show non-detectable Evans blue extravasation and 
high expression of occludin by PND1, confirming a 
well-developed BBB even at birth [34]. Moreover, we 
have shown that the dendrimer-cy5 uptake is barely 
detectable in the brain of healthy PND1 kits after 
systemic administration, which further indicates the 
high integrity and low permeability of BBB in PND1 
kits [34, 40]. The PND5 kits have more mature BBB 
than PND1 kits. Therefore, the lack of BBB maturity is 
not the reason for dendrimer uptake, it is the BBB 
impairment due to injury. The results from this 
should be applicable to many models where the BBB 
is impaired due to injury, both in young and adult 
brain injury models. To assess the localization of 

TPP-D-Cy5, it was systemically administered in PND 
5 rabbit kits at 6 hours post-injury, and the kits were 
sacrificed at 24 hours post TPP-D-Cy5 injection. We 
found that TPP-D-Cy5 exhibits high signal in the 
perinuclear cytosolic region of mi/ma at the site of 
injury, consistent with unmodified dendrimer 
localization we have previously reported [37, 39, 40, 
71]. Moreover, this dominantly mi/ma uptake profile 
is consistent with our previous studies where we have 
shown that the dendrimers show minimal uptake in 
neurons and a modest uptake in astrocytes in other 
models of neurological disorders [37, 40]. Here, 
TPP-D-Cy5 exhibits overlap with the mitochondrial 
signal, indicating mitochondrial subcellular targeting, 
but the high cellular uptake of dendrimer 
corresponding to high mi/ma activation in the site of 
injury obfuscates its specificity for mitochondria 
(Figure 7A). In the corpus callosum where the white 
matter is outside the direct site of injury and mi/ma 
activation, the specificity of TPP-D-Cy5 for the 
mitochondria is clear, with the bulk of dendrimer 
signal overlapping with mitochondrial signal and 
minimal cytosolic dendrimer signal seen (Figure 7B). 
Moreover, there was no significant TPP-D-Cy5 uptake 
in the mi/ma at the corpus callosum of the 
contralateral site of injury where the microglia were 
not activated (Supplemental Figure S20). These 
results indicate that dendrimer conjugated TPP can 
target mitochondria in activated mi/ma following TBI 
in a pediatric model with well-developed BBB, similar 
to what would be expected in mature, well-developed 
BBB. 

These results indicate that dendrimer conjugated 
TPP can target mitochondria in activated microglia 
following TBI. Therefore, TPP-D-NAC conjugates 
should also be able to target microglial mitochondria 
and provide therapeutic effects, which will be future 
explored in our future study. 

 

 
Figure 6. TPP-D-NAC enhances protection from oxidative stress induced cell death. Cells were pretreated for 24 hours with free NAC, D-NAC, or 
TPP-D-NAC, followed by oxidative stress insult of 500 µM H2O2 for 3 hours. A Cell viability was assessed with MTT assay. TPP-D-NAC exhibits significantly greater 
improvement in cell viability under oxidative stress compared to both DNAC and free NAC. *** p < 0.001, F = 33.706 with variable interaction in two-way ANOVA. 
B Cells were collected, treated with trypan blue, and counted in membrane exclusion assay. TPP-D-NAC exhibits significantly decreased cell death compared to 
D-NAC. ** p < 0.01, F = 9.569 with variable interaction in two-way ANOVA. 
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Figure 7. Confocal images showing that TPP-D-Cy5 exhibits co-localization with mitochondria in pediatric TBI rabbit kits. A At the area of injury, 
TPP-D-Cy5 distributed in the cytosol and mitochondria of activated microglial cells (IBA1 positive). B At the corpus callosum of the ipsilateral injury brain, 
TPP-D-Cy5 co-localizes mainly with mitochondrial signals. 

 
 Conclusions 

We designed and developed multifunctional 
hydroxyl-terminated PAMAM dendrimer conjugates 
for in vivo targeting of mitochondrial function of 

activated mi/ma. The dendrimer surface is partially 
modified with TPP mitochondrial targeting moiety to 
confer intracellular targeting without affecting the 
favorable in vivo microglia targeting potential and cell 
internalization properties of the unmodified 



 Theranostics 2018, Vol. 8, Issue 20 
 

 
http://www.thno.org 

5546 

dendrimers. We have conjugated anti-oxidant NAC to 
TPP-modified dendrimer to enhance its efficacy 
against mitochondrial oxidative stress. We demons-
trated that TPP-conjugated dendrimer exhibits 
significantly greater localization to the mitochondria 
and this greater localization was in addition to the 
inherent properties of unmodified dendrimers, which 
already exhibit mitochondrial localization superior to 
several other nanoparticles. It should be noted that 
while these dendrimers exhibit mitochondrial 
targeting, they are not selectively targeted only to 
mitochondria. The mitochondrial targeting capability 
of these dendrimers translated to enhanced efficacy in 
improvements of markers of oxidative stress, 
including mitochondrial superoxide production and 
transmembrane potential. In terms of oxidative 
stress-induced cytotoxicity, TPP-D-NAC performs 
significantly better in recovering cell viability 
compared to both D-NAC and freely administered 
NAC. Upon systemic administration TPP-D-Cy5 
co-localized with mitochondria in activated mi/ma 
cells at the white matter area of the ipsilateral brain 
injury in a pediatric TBI model indicating that this 
conjugate has the potential to treat of oxidative stress 
in the area of injury in vivo. These results suggest that 
TPP-D-NAC may significantly improve the efficacy of 
D-NAC in CNS disease pathologies with significant 
oxidative stress-induced cell death, such as traumatic 
brain injury, Alzheimer’s disease, and hypoxic 
ischemia. 
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