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Abstract
Dendrimer-N-acetyl cysteine (D-NAC) conjugate has shown significant promise in multiple preclini-

cal models of brain injury and is undergoing clinical translation. D-NAC is a generation-4 hydroxyl-

polyamidoamine dendrimer conjugate where N-acetyl cysteine (NAC) is covalently bound through

disulfide linkages on the surface of the dendrimer. It has shown remarkable potential to selectively

target and deliver NAC to activated microglia and astrocytes at the site of brain injury in several

animal models, producing remarkable improvements in neurological outcomes at a fraction of the

free drug dose. Here we present a highly efficient, scalable, greener, well-defined route to the syn-

thesis of D-NAC, and validate the structure, stability and activity to define the benchmarks for this

compound. This newly developed synthetic route has significantly reduced the synthesis time from

three weeks to one week, uses industry-friendly solvents/reagents, and involves simple purification

procedures, potentially enabling efficient scale up.
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1 | INTRODUCTION

Drug development for central nervous system (CNS) disorders is highly

challenging as compared to other disease targets. The critical obstacle

in this endeavor is the delivery of therapeutics across the blood brain

barrier (BBB) which controls the passage of molecules from circulatory

system into the brain.1,2 Various invasive and non-invasive techniques

are currently being explored to get appropriate exposure of therapeu-

tics into the brain.1,3–5 Invasive strategies involve the temporary

disruption of the BBB or direct injections into CNS tissues, while non-

invasive approaches primarily utilize endogenous cellular mechanisms

for enhanced delivery across the BBB. These approaches can be valua-

ble but may not be feasible in clinical settings when multiple therapeu-

tic doses are required. In addition, the need to further deliver the drugs

to cells far away from the BBB is a challenge. Neuroinflammation,

mediated by activated microglia and astrocytes, has been shown to

play a key role in various neurological diseases making it a potential

therapeutic target.6–9 Neuroinflammation causes transient disruption
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of the BBB through loosening of the tight junctions of the epithelial

layer, resulting in increased permeability under certain pathological

conditions.10 This impaired BBB in neuroinflammatory disorders

presents an excellent opportunity to transport therapeutic molecules or

drug-loaded nanoparticles into the brain via intravenous administration.

Recently, the field of drug delivery has been revolutionized with a

plethora of innovative nanotechnology-based products which can

effectively diffuse through the biological barricades within the body

and deliver payloads of drugs, DNA, proteins or peptides to injured or

diseased cells and tissues.11–16 Despite the significant growth in the

field of nanotechnology, nanoparticles face challenges during clinical

translation. Major challenges include reproducible scale-up of the syn-

thesis, and definition of the benchmarks of the final product and the

stability.17 Maintaining batch-to-batch consistency in physico-chemical,

pharmacological and biological properties is critical for enabling transla-

tion. The utility of a nano-therapeutic in the clinic greatly depends

upon its safety profile which is governed by its components, size,

charge, and other physiochemical properties.18 The risk of failure can

be minimized beforehand by carefully selecting rationally designed

components that have already been tested and approved and can be

incorporated together for the preparation of the particle.

Dendrimers are structurally “monodisperse” with well-defined build-

ing blocks and surface functionality, and have garnered significant atten-

tion as promising scaffolds for various biomedical applications including

drug/gene delivery, targeting, imaging and diagnosis due to their unique

physico-chemical properties.19–25 These multivalent nanostructures can

be tuned conveniently to incorporate various molecules of interest.

Amongst several different types of dendrimers, polyamidoamine

(PAMAM) dendrimers have been most widely explored for drug delivery

applications due to their commercial availability and aqueous

solubility.26–28 We previously reported that non-cytotoxic, hydroxyl ter-

minated generation 4 PAMAM dendrimers (PAMAM-G4-OH, �4 nm

size) can cross the impaired BBB upon systemic administration and tar-

get activated microglia and astrocytes at the site of injury in the brain

several folds more than the healthy control in a neonatal brain injury

model without any targeting ligand.29 We further validated these find-

ings in various small and large animal models of neuroinflammtory

disorders.30–37 The selective uptake and localization of these neutral

dendrimers in activated microglia might be attributed to their ability to

cross the impaired BBB and diffuse rapidly within the brain paren-

chyma.38,39 Due to their neutral surface, hydroxyl PAMAM dendrimers

have a relatively low risk of opsonization upon systemic administration

and exhibit low non-specific interactions, which are a major drawback

associated with cationic amine functionalized PAMAM dendrimers.40–42

Unlike their charged counterparts (PAMAM-NH2 and PAMAM-COOH),

neutral PAMAM-G4-OH dendrimers are nontoxic even at intravenous

doses greater than 500 mg/kg.30,41

D-NAC is a covalent conjugate of PAMAM-G4-OH attached to N-

acetyl cysteine (NAC) through a disulfide linker which can selectively

release NAC intracellularly in the presence of glutathione.30 NAC is a

clinically approved anti-inflammatory and anti-oxidative agent but needs

to be given at high doses due to its poor bioavailability which can cause

neuronal toxicity.43–46 D-NAC selectively delivers NAC to the inflamed

areas of the brain, enhancing its efficacy, reducing collateral damage in

healthy cells, and minimizing other off-target effects. We have observed

100-fold improved efficacy of D-NAC when compared to equivalent

doses of the free drug.11 D-NAC has shown significant efficacy in a neo-

natal rabbit model of cerebral palsy,30 a mouse model of hypoxic-ische-

mia,31 and other neuro-inflammation models of various small and large

animals when injected systemically.32,36 Although we have successfully

synthesized numerous batches of D-NAC at the lab scale, in order to

support our preclinical and clinical demands, we needed a highly opti-

mized, well-established, reproducible, reliable, and robust synthetic pro-

tocol which can lead to kilogram scale quantities with a high purity and

quantitative yields in few reaction steps. Based on the critical analysis of

our prior reported procedure, we here report a scalable improvised pro-

cess for D-NAC synthesis which can be transferred for cGMP manufac-

turing. The synthetic protocol discussed here for the construction of D-

NAC is highly robust and reproducible, involves industrial friendly sol-

vents, is environmentally friendly, and provides rapid access to the final

conjugate with ease. We have also evaluated the reproducibility of D-

NAC developed by this synthetic route by generating several batches

with a similar drug payload. In addition, we developed another synthetic

methodology to construct D-NAC with modifications to the linker on

the dendrimer. The resultant compound has been extensively character-

ized for structure, drug payload, stability and activity.

2 | MATERIALS AND METHODS

2.1 | Synthesis of intermediates and dendrimers

The detailed synthetic procedures are described in the Supporting

Information.

2.2 | Characterization

2.2.1 | Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker

500 MHz spectrometer at ambient temperatures. Proton and carbon

chemical shifts (d) are reported in ppm. The resonance multiplicity in

the 1H NMR spectra are described as “s” (singlet), “d” (doublet), “t” (tri-

plet), and “m” (multiplet) and broad resonances are indicated by “b”.

Residual protic solvent of CDCl3 (
1H, d 7.27 ppm; 13C, d 77.0 ppm (cen-

tral resonance of the triplet)), DMSO-d6 (1H, d 2.50 ppm), and MeOD

(1H, d 3.31 ppm and 13C, d 49.0 ppm) were used for chemical shifts

calibration.

2.2.2 | Mass spectroscopy

Accurate mass measurements (HRMS) were performed on Bruker

microTOF-II mass spectrometer using ESI in positive mode and direct

flow sample introduction in CH3CN:H2O (9:1) solvent system. Either

protonated molecular ions [M1 nH]n1 or adducts [M1 nX]n1 (X5Na,

K, NH4) were used for empirical formula confirmation. MALDI-TOF

experiments were performed on Bruker Autoflex MALDI-TOF instru-

ment. 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
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samples were prepared by mixing 10 mL of conjugate solution with 10

mL of DHB solution and 3 mL of the sample was spotted on a MALDI

plate. Laser power used for this purpose was 55–100%

2.2.3 | High-performance liquid chromatography

The purity of intermediates and final dendrimer conjugate were ana-

lyzed using high-performance liquid chromatography (HPLC). HPLC

(Waters Corporation, Milford, MA) is equipped with a 1525 binary

pump, an In-Line degasser AF, a 717 plus autosampler, a 2998 photo-

diode array detector, a 2475 multi k fluorescence detector interfaced

with Waters Empower software, and column used is symmetry

300 C18 5 mm, 4.6 3 250 mm. The HPLC chromatogram of the start-

ing dendrimer (PAMAM-G4-OH), intermediates and D-NAC were

monitored at 210 nm. The Cy5-D-NAC was monitored at both 650

and 210 nm using PDA and fluorescence detectors. For PAMAM-G4-

OH, intermediates and final conjugate, a gradient flow was used in

HPLC starting with 100:0 (Solvent A: 0.1% TFA in 5% Acetonitrile

(ACN) in water; Solvent B: 0.1% TFA in ACN); gradually increasing to

50:50 (A:B) at 20 min, returning to 90:10 at 30 min and finally to 100:0

at 40 min maintaining a flow rate of 1 mL/min. This HPLC method was

used for stability study of D-NAC and TCEP reduction. For Cy5 labeled

dendrimer, and for all other HPLC analyses discussed in this paper, a

similar method was used except the solvent A was 100% water instead

of 5% ACN in water.

2.2.4 | Dynamic light scattering and zeta potential (f)

The particle size and f-potential of D-NAC were determined by using a

Zetasizer Nano ZS (Malvern Instrument Ltd., Worchester, UK) equipped

with a 50 mW He–Ne laser (633 nm). For Dynamic light scattering

(DLS) measurement, the conjugate was dissolved in deionized water

(18.2 X) to make solution with a final concentration of 0.5mg/mL. The

OP-101 sample solution for DLS is prepared fresh prior taking the mea-

surement and the solution was vortexed for 1 min and then sonicated

for 3 min. The solution was then filtered through 0.2 mm syringe filters

(Pall Corporation, 0.2 mm HT Tuffryn membrane) directly into the cell

(UV transparent disposable cuvette, Dimensions: 12.5 3 12.5 3

45mm, SARSTEDT). Specifications for the instrument: Material RI:

1.56, Material absorption: 0.001, Dispersant RI: 1.33, Viscosity: 0.8872

cP, Measurement position: automatic, Cell: DTS-0012, Measurement

angle: 1738 Backscatter (NIBS default), Measurement type: Manual,

Number of measurements: 3, Number of runs per measurement: 11,

Run duration: 10 s. DLS measurements were performed in triplicate.

For zeta potential measurement, the ideal concentration for the mea-

surement is 0.2 mg/mL in 10 mM NaCl. The pH of the solution is 5.6.

The solution was filtered through 0.2 mm syringe filters (Pall Corporation,

0.2 mm HT Tuffryn membrane) directly into the cell (Malvern Zetasizer

Nanoseries disposable folded capillary cells) and three measurements

were taken. Specifications: Material RI: 1.56, Material absorption: 0.001,

Dispersant RI: 1.330, Viscosity: 0.8894 cP, Measurement type: Manual,

Number of measurements: 3, Number of runs per measurement: 20.

2.2.5 | Calculation of NAC loading by TCEP reduction

protocol

The release of free NAC from dendrimer was achieved by the reduc-

tion with tris(2-carboxy ethyl) phosphine hydrochloride (TCEP). D-NAC

(1 mg in HPLC grade water (600 mL) was incubated with TCEP (780 mg)

in 400 mL HPLC grade water for 2 h at room temperature with con-

stant stirring in a glass vial. The overall concentration of D-NAC was

1 mg/mL. A calibration curve of free NAC was made using area under

the curves (AUC) obtained from HPLC vs. amount, by injecting differ-

ent samples of NAC ranging from 1 to 100 mg in HPLC. Hundred micro

liters of sample solution from the incubation vial was injected to HPLC

and AUC was recorded for NAC peak at retention time (�5 min). The

NAC content was calculated from the calibration curve.

2.3 | In vitro efficacy evaluation of D-NAC conjugates

2.3.1 | Cell culture

Murine brain microglia (BV-2) passage 21 were cultured in phenol red

free Dulbecco’s modified Eagle’s medium (DMEM; Life technologies,

Grand Island, NY) supplemented with 5% heat in activated fetal bovine

serum (Hi-FBS; Invitrogen Corp., Carlsbad, CA) and 1% antibiotics (pen-

icillin/streptomycin) (Invitrogen Corp., Carlsbad, CA). The cells were

maintained in a humidified incubator at 378C with 5% CO2.

2.3.2 | Cell toxicity and lactate dehydrogenase activity

BV-2 cells were plated at a concentration of 10,000 cells/well in a 96

well plate (Costar, Cambridge, MA) and incubated at 378C for 24 h

allowing them to be attached to the well surface. After 24 h, the cells

were treated with medium containing different concentrations (1–

1,000 mg) of NAC, three batches of D-NAC (containing equivalent

amount of NAC in conjugated form) and G4-OH (equivalent amount as

that of D-NAC) for 6 h. After 8 h the treatment medium was replaced

with fresh medium for another 18 h. The cells treated with medium

alone served as control. The cell viability was assessed using MTT cell

proliferation assay kit (Molecular probes; Invitrogen, OR). Absorbance

was read at 540 nm using fluorescence microplate reader (BioTek

Instruments; Winooski, VT) and cell viability was determined as percent

absorbance relative to untreated control cells. The LDH release medi-

ated cell cytotoxicity by the NAC, D-NAC (three batches) and G4-OH

treated cells were assessed using Pierce LDH cytotoxicity assay kit

(Thermo Scientific, Waltham, MA). After treating the cells with NAC,

D-NAC and G4-OH for 6 h, the treatment medium is replaced with

fresh medium and the LDH medicated cytotoxicity was measured by

following the kit manufacturer’s instructions. The cells treated with

medium alone served as spontaneous LDH activity controls and the

cells treated with 10X lysis buffer (provided by the kit) served as maxi-

mum LDH release controls. The endpoint absorbance at 490 nm was

measured using the plate reader.

2.3.3 | Anti-inflammatory and anti-oxidant activity of

D-NAC (3 batches) in microglial cells

Anti-inflammatory and anti-oxidant activity of D-NAC was evaluated in

BV-2 cells using LPS activation as reported in previous established
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protocols.47,48 BV-2 cells were seeded in 12 well plates at a concentra-

tion of 1 3 106 cells per well. The cells were pretreated with 100 ng/mL

LPS (from E. coli 0127:B8, Lot#125M4091V) (Sigma-Aldrich, St Louis,

MO) for 3 h. After 3 h of LPS pre-activation, the cells were treated with

different concentrations (200, 100, 10 and 1 lg/mL) of NAC and three

consecutive batches of D-NAC (containing equivalent amount of NAC in

conjugated form) for 6 h. After 6 h, the treatment medium was removed,

and the cells were washed gently with warm PBS and replaced with cul-

ture medium containing LPS (100 ng/mL) for another 24 h. At the 24 h

end-point, the medium from the respective treated cells were collected

and centrifuged at 5,000 rpm for 5 min at 48C and immediately stored in

2808C until analysis. The anti-inflammatory activity was accessed by

measuring the levels of proinflammatory cytokine tumor necrosis factor-

a (TNF-a) secreted by the cells in to the media. A mouse TNF-a ELISA

kit (Biolegend, San Diego, CA) was used and TNF-a levels were meas-

ured by following the kit protocol. The end point was measured by

measuring the absorbance at 450 nm with a wavelength correction at

570 nm. The media samples form cells with no LPS pre-treatment (rest-

ing) and LPS treatment alone serves as controls. Anti-oxidant activity of

D-NAC treatment on LPS activated BV-2 cells was evaluated by meas-

uring the nitric oxide (NO) released in the medium using a Greisess rea-

gent detection kit (Promega, Madison, WI) by following the kit protocol.

Briefly, the media samples were diluted appropriately, and the samples

(50 lL each) were placed in 96-well glass bottom, black-walled plates

(Corning, NY) and reacted with sulfanilamide and NED solutions pro-

vided in the kit. The end-point of the reaction (color change, according

to the kit’s protocol) was measured using a plate reader at 520 nm with

a correction at 550 nm. The NO levels were calculated using the calibra-

tion graph equation as per the manufacturer’s instructions.

2.4 | In vivo targeting of fluorescently labeled Cy5-D-

NAC

2.4.1 | Rabbit model of CP and administration of D-NAC-Cy5

Timed-pregnant New Zealand white rabbits were purchased from Rob-

inson Services Inc. (North Carolina) and arrived at the facility one week

before surgery. All animals were housed under ambient conditions

(228C, 50% relative humidity, and a 12-h light/dark cycle), and neces-

sary precautions were undertaken throughout the study to minimize

pain and stress associated with the experimental treatments. Experi-

mental procedures were approved by the Johns Hopkins University

Animal Care and Use Committee (IACUC). After one week of acclima-

tion, the pregnant rabbits underwent laparotomy on gestational day 28

(G28) and received a total of 4,800 EU of LPS (E. coli serotype O127:

B8, Sigma-Aldrich, St. Louis, MO) injection along the wall of the uterus

as previously described.49–51 The kits were induced on G30 with intra-

venous injection of Pitocin (0.2 unit/kg) and kept in incubators with the

temperature of �32–358C and relative humidity of �50–60%. On

postnatal day (PND1), kits received systemic administration (i.v.) of

55mg/kg Cy5-D-NAC and sacrificed at 24 h post-injection.

2.4.2 | Immunohistochemistry

Kits were anesthetized and transcardially perfused with PBS, followed

by 10% formalin. The brains were removed and post-fixed in 10% for-

malin overnight and cryoprotected in graded sucrose solutions. Coronal

sections (30 mm, 1:6 series) were incubated with goat anti-IBA1 (1:250;

Abcam, MA) overnight at 48C. Sections were subsequently washed and

incubated with fluorescent secondary antibodies (1:250; Life Technolo-

gies, MA) for 2 h at room temperature. Next, the sections were incu-

bated with DAPI (1:1,000, Invitrogen) for 15 min. After washing, the

slides were dried and cover slipped with mounting medium (Dako,

Carpinteria, CA). Confocal images were acquired with a Zeiss ZEN LSM

710 (Zeiss, CA) and processed with ZEN software.

3 | RESULTS AND DISCUSSION

D-NAC conjugate is built on a PAMAM-G4-OH dendrimer platform

composed of an ethylene diamine core, repetitive branching units of

amidoamine interior, and 64 terminal hydroxyl groups. The components

of D-NAC are: PAMAM-G4-OH dendrimer, GABA linkers attached via

ester bonds, succinimidyl 3-(2-pyridyldithio)propionate (SPDP) linkers

connected through amide linkages, and NAC molecules attached

through glutathione-sensitive disulfide bonds. D-NAC contains an aver-

age of 2263 NAC molecules (Figure 1A). The starting dendrimer

PAMAM-G4-OH (Pharma grade) is provided by Dendritech with more

than 95% generational purity and >99% compositional purity. Dendri-

tech has the potential to provide PAMAM-G4-OH at kilogram scale

without compromising the purity levels. In order to meet our demand

of D-NAC for the eventual clinical studies, we need a well-established,

highly reproducible and robust synthetic methodology to construct this

conjugate at kilogram scale. Here, we discuss the advantages of the

improved synthesis over the preliminary protocol (Figure 1B,C). The

improvised methodology was validated with multiple 10 g scale

batches by our lab.

3.1 | Synthesis of D-NAC and advantages of improved
protocol over the previous route

The previous protocol for D-NAC production consisted of four syn-

thetic steps (Figure 1B).32 The first step was the ligation of 4-(fmoc-

amino)butyric acid with PAMAM-G4-OH (1) in the presence of PyBOP

(benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate)

as amide coupling reagent to obtain Fmoc-protected bifunctional den-

drimer (2), which was followed by the deprotection of Fmoc using

piperidine (20% in DMF) to get bifunctional dendrimer (3). The amine

termini of dendrimer (3) were then reacted with SPDP (4) to obtain

pyridyldithio-functionalized dendrimer (5) as an intermediate which

was reacted in situ with NAC to yield D-NAC (6). PAMAM-G4-OH is

the most expensive material in the entire synthetic process. The choke

point in the previous route was that all the reactions in the protocol

were performed on the dendrimer. After each synthetic step on the

dendrimer, the product was purified via elaborative dialysis in DMF for

24 h to remove small molecule impurities followed by another 24 h of

water dialysis to eliminate DMF. We observed appreciable loss of
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FIGURE 1 (A) Structural representation of D-NAC demonstrating the individual components. (B) Previous synthetic pathway of D-NAC:
Reagents and conditions (i) PyBOP, DIEA, DMF/DMSO, RT, 48 h; (ii) Piperidine:DMF (2:8), RT, 2 h; (iii) DMF, N, N-diisopropylethylamine
(DIPEA), RT, 8h (iv) DMSO, RT, O/N. C. Improved synthetic pathway of D-NAC: Reagents and conditions: (v) EDC, DMAP, DMF, 36 h, RT,
85%; (vi) DCM:TFA (4:1), RT,12 h, quantitative yield; and (vii) N-Acetyl-L-cysteine, anhydrous THF, 2h, 65%. (viii) N, N-diisopropylethylamine,
pH 7.5, DMF, RT, 24 h, 90%
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dendrimer using this purification procedure. Reducing the number of

reaction steps on the dendrimer can not only decrease the overall cost

but also reduces the synthesis time. Moreover, we realized that since

all of the synthesis steps were in sequence on the dendrimer in the

previous protocol, it required at least 5–6 days (24 h reaction time,

48 h dialysis time, and 48 h lyophilization) to get the product from one

reaction to use it as the reactant in the next step which could be trou-

blesome for its large-scale manufacturing in terms of time and cost.

These issues will be critically evaluated one by one as we discuss the

advantages of improved protocol.

To improve the scalability of the protocol, we divided the entire D-

NAC synthesis process into two halves. We elected to commence the

synthesis in a semi-convergent fashion by the construction of two

main intermediates: (a) bifunctional dendrimer (8, Figure 1C) and (B)

NAC-SPDP (N-acetyl-S-((3-((2,5-dioxopyrrolidin-1-yl)oxy)-3-oxopropyl)

thio)cysteine) linker (9, Figure 1C). The final step involves the coupling

of these two intermediates to yield the conjugate (D-NAC, 10). The

major advantage of using this approach is that the synthesis of both

the reactive partners can be started simultaneously which can drasti-

cally shorten the overall time frame of the synthesis. One of the most

crucial steps for the preparation of the D-NAC conjugate is the synthe-

sis of bifunctional dendrimer having 2263 NH2 groups, as this is the

step which determines the final NAC loading. In the previous synthesis,

we used an Fmoc-protected GABA linker. Although 20% piperidine/

DMF is a widely used and universally accepted protocol for the

removal of Fmoc from primary amines, in the case of Fmoc-protected

bifunctional dendrimer (2, Figure 1B), the ester linkage is prone to

base-catalyzed hydrolysis. The cocktail of piperidine:DMF used for the

deprotection of Fmoc causes the partial cleavage of the linker from the

dendrimer as well (40 NHFmoc in compound 2 to 22 free amines in

compound 3, Scheme 1A) consequently leading to inconsistency in the

final loading of NAC in different batches. We first tried to fix this prob-

lem by optimizing the DMF:piperidine ratio by lowering the percentage

of piperidine to avoid the cleavage of ester bonds but were not able to

achieve complete deprotection of Fmoc. Additionally, piperidine is

included in the list of controlled substances in the United States as it is

precursor of psychoactive drugs and its use in industrial scale processes

is not feasible due to administrative restrictions. To devise a suitably

safe, reproducible, and scalable synthesis process, we sought to replace

4-(fmoc-amino)butyric acid in the reaction with BOC-GABA-OH.

PAMAM-G4-OH is received in methanol solution, which is evapo-

rated completely using a rotary evaporator, followed by the dissolution

in water and lyophilization. It is very important to remove the traces of

methanol and water completely as these interfere in the coupling reac-

tion. We then reacted PAMAM-G4-OH (1, Figure 1C) with BOC-

GABA-OH in the presence of coupling agents [1-Ethyl-3-(3-dimethyla-

minopropyl)carbodiimide (EDC) and 4-dimethylaminopyridine (DMAP)]

in DMF for 36h at room temperature to yield BOC-protected bifunc-

tional dendrimer (7). The exact stoichiometry is described in the sup-

porting information. The order of addition of reagents in the reaction

should be followed exactly to obtain uniform product distribution with

the desired loading of GABA-BOC. The dendrimer, BOC-GABA-OH

and DMAP are first dissolved in DMF under Argon atmosphere,

followed by the addition of EDC.HCl in portions at the end. The pro-

gress of the reaction is monitored by HPLC to ensure the formation of

product with the desired loading by comparing it with reference mate-

rial. Upon completion, the precipitation of the crude product is

achieved by adding an excess of hexanes, which is then decanted off.

The precipitates are further washed with ethyl acetate to remove

excess reagents and side products. The residue is then diluted with

water and dialyzed using a 2 kDa membrane against ultra-pure water

for 24 h to further remove trace impurities. We observed that the

diluted reaction mixture (30 mL water for 1 g of conjugate) provided

the best yield during the dialysis process. In this step, we do not per-

form any DMF dialysis as all the reagents and side-products are water-

soluble, which was not the case in previous protocol using Fmoc-based

reagents. The lyophilized product is then characterized by NMR and

HPLC as further discussed in the characterization section. The BOC-

protected bifunctional dendrimer (7) is water soluble. If the bifunctional

dendrimer at this stage is water insoluble, that is an indication of high

loading of GABA BOC.

The next step involves the deprotection of BOC to obtain bifunc-

tional dendrimer 8, which is another critical phase of the synthesis.

Fmoc deprotection step was the most problematic step in the previous

synthesis, leading to inconsistencies in the overall drug loading. The

BOC groups are conveniently deprotected under mild acidic conditions

using trifluoroacetic acid (TFA) in DCM. It is critical to pay attention to

the DCM:TFA ratio to produce desired results. The optimized ratio for

the complete deprotection of BOC groups is 4:1. Since BOC-protected

dendrimer is partially soluble in the DCM:TFA mixture, the reaction

results in a viscous mass which requires vigorous stirring for the effec-

tive completion of the reaction. After the deprotection, there is a con-

siderable increase in the mass of the final product, which is due to the

formation of TFA salts of the internal and external amines of the den-

drimer. We consider the yield of this step 100% for the next chemical

transformation. The replacement of BOC with Fmoc solved several

problems initially encountered: (a) BOC deprotection is robust leading

to reproducible results with no ester hydrolysis observed, (b) no further

purification by dialysis is required, (c) excess TFA can be easily removed

by co-evaporation with methanol, and (d) no yield and time loss.

From the bifunctional dendrimer stage to the final D-NAC conju-

gate, the previous protocol involved a two-step reaction: addition of

SPDP linker followed by a classical thiol-disulfide interchange by NAC,

dislodging the chromophoric pyridine-2-thione group, which took

around a week including dialysis and lyophilization. Thiol-exchange

reaction is a widely used reaction for crosslinking and conjugation of

molecules where a nucleophillic thiol participates in thiol-disulfide

interchange to form a new disulfide linkage. Although thiol-exchange

reaction is moderately efficient, replacing 2263 pyridine-2-thione

(PDT) with NAC on the surface of dendrimer is challenging and often

leads to incomplete reactions, leaving a few groups of PDT intact as

determined by NMR, giving a yellow color to the final product and

inconsistent NAC loading. In the newly developed protocol, we sepa-

rately synthesized NAC-SPDP (N-acetyl-S-((3-((2,5-dioxopyrrolidin-1-yl)

oxy)-3-oxopropyl)thio)cysteine) by reacting NAC with SPDP in tetrahy-

drofuran. The reaction was monitored by thin layer chromatography
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(TLC). If the reaction does not go to completion in 4 h, it can be pushed

forward with the additional NAC. NAC should not be added in a huge

excess as it can cause purification problems due to the close retention

factor of the product on TLC. Since this disulfide exchange reaction is

being carried out on a small molecule, it is highly efficient, and the yel-

low colored PDT side product is easily removed by column chromatog-

raphy to obtain NAC-SPDP (9) as a white crystalline solid with high

purity. During the final ligation step, the TFA salt of bifunctional amine

terminated dendrimer (8) is dissolved in DMF and neutralized using

H€unig’s base to get pH 7.0–7.5 followed by the slow addition of NAC-

SPDP (9) in DMF to yield D-NAC (10). Implementation of these modifi-

cations produced D-NAC as pure white solid. We have also found that

using a large excess of NAC-SPDP can cause the inclusion of additional

arms on the hydroxyl groups of the dendrimer changing the final load-

ing of NAC. To avoid this, an exact stoichiometry of NAC-SPDP to the

number of amine groups in the bifunctional dendrimer is used. Another

precaution is to keep track of the pH during the reaction as we have

noticed in large scale reactions there is slight drop in pH after the addi-

tion of SPDP-NAC due to the presence of free carboxylic acid groups.

This change in pH can be adjusted by additional H€unig’s base. The pH

should not exceed 7.5 to avoid the hydrolysis of the NHS ester of

NAC-SPDP.

In short, the improved protocol provides the following advantages:

(a) shortens the over-all synthesis time from three weeks to one week,

(b) cuts down the production cost drastically, (c) provides the desired

and reproducible narrow range of NAC loading, (d) produces a highly

pure, white product, and (d) promotes a green synthesis using industry-

friendly reagents and solvents.

3.2 | Characterization of intermediates and final D-

NAC conjugate

All of the intermediates and the final D-NAC conjugate were character-

ized using NMR, HPLC, MALDI, or LCMS. Figure 2A depicts the proton

NMR comparison of intermediates and the final conjugate from top to

bottom. 1H NMR is one of the most robust and precise technique to

characterize and calculate the exact loading of the conjugate. All of the

dendrimers related NMRs are taken in DMSO-d6 to see the internal

amide protons of the dendrimer which are the reference protons to cal-

culate the loading by NMR integration method. The 1H NMR of den-

drimer 7 containing BOC-protected GABA linkers clearly showed the

presence of a sharp peak corresponding to tert-butyl protons of BOC

at d 1.3 ppm along with GABA methylene protons at d 1.6 ppm. A peak

at d 3.9 ppm is observed for the methylene protons of the dendrimer

next to the hydroxyl groups once they are converted to ester. In addi-

tion, the amidic protons from the GABA linker can be seen at d 6.8

ppm. For the exact calculation of the GABA loading, we compared the

integration of the internal amide protons (124 H, d 8–7 ppm) to the

BOC protons, ester methylene protons and amide protons of the

GABA linker. Another advantage of using BOC over Fmoc is the ease

in calculating the exact loading of GABA linker by NMR. In case of

Fmoc, the protons corresponding to the aromatic rings of Fmoc overlap

with the internal amide protons of dendrimer causing inconvenience in

calculation of exact loading of the linker, but in the case of GABA-

BOC, BOC protons do not interfere with any protons of the dendrimer

and moreover, give a single sharp peak of 9 H corresponding to the

tert-butyl group for every unit of GABA attached, providing an accurate

determination of the GABA loading (Figure 2A, top NMR). BOC depro-

tection is confirmed by the complete disappearance of the huge peak

of BOC protons (Figure 2A, middle NMR). Finally, the attachment of

NAC is confirmed by the appearance of N-acetyl protons peak at d 1.8

ppm and -CH of the NAC at d 4.4 ppm (Figure 2A, bottom NMR). The

NAC loading is calculated by comparing the GABA methylene protons

and ester methylene protons to the N-acetyl protons and -CH from the

NAC molecules. The peak corresponding to the internal amide protons

includes additional amidic protons from GABA linker and NAC. The

average molecular weight of D-NAC is analyzed using MALDI-TOF

analysis and fits well within the range corresponding to the attachment

of 2263 NAC molecules (Figure 2B). The purity of D-NAC is eval-

uated using HPLC (Figure 2C). The HPLC traces showed a clear shift in

retention time at every stage. We have validated several batches of D-

NAC using this improved protocol with more than 98% purity. We fur-

ther determined the size of D-NAC to be around 5.8 nm using dynamic

light scattering (Figure 2D, Table 1). Zeta potential measurement pro-

vided the value around 6.5 mV (Table 1).

3.3 | Calculation of NAC loading by tris(2-carboxy

ethyl) phosphine hydrochloride reduction method

In addition to the NAC loading by proton integration method using 1H

NMR, we further confirm NAC loading by the tris(2-carboxy ethyl) phos-

phine hydrochloride (TCEP) reduction method (Figure 3A). We reduced

the disulfide linkages in D-NAC using an excess amount of TCEP to

obtain free NAC and thiol-terminating dendrimer (D-SH). Compared

with other disulfide reduction methods, the advantages of using TCEP

are that it is: (a) a powerful reducing agent, (b) odorless, (c) resistant to

air oxidation and (d) non-interfering with the thiol containing species

formed. The completion of the reaction is monitored by HPLC. The

reduced dendrimer shows a shift in retention time from 14.93 min (D-

NAC) to 17.79 min (D-SH). Once disulfide bonds are cleaved, the peak

corresponding to free NAC at 5.18 min appears in the HPLC chromato-

gram. The amount of free NAC is calculated using HPLC and comparing

the area under the curve with a standard calibration curve of NAC. Like

the proton integration method for calculation of NAC loading, the TCEP

reduction method was found to be highly precise and clean, producing

similar results (2263 NAC molecules per dendrimer).

3.4 | Reproducibility of D-NAC synthesis

The most important aim of the improved synthetic protocol is to get a

reproducible D-NAC product at the end of synthesis with consistent

NAC loading between batches of different scales. To validate the repro-

ducibility of the improved method, we constructed several batches of D-

NAC and compared their 1H NMRs, NAC loading, and purity by HPLC.
1H NMR spectra of three different batches (Figure 3B left, Table 2)

depict the presence of around 2263 NAC molecules, showing
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FIGURE 2 (A) 1H NMR comparison of intermediates and final D-NAC conjugate, (B) MALDI-TOF spectrum of the final conjugate,
(C) HPLC comparison of the intermediates and final conjugate, and (D) size distribution by number for D-NAC showing a size of
5.860.2 nm

TABLE 1 Size and zeta potential distribution of D-NAC using dynamic light scattering

Sample Theoretical M Wt. (g/mole) Size (nm) Zeta potential (f, mV)

D-NAC 20,0006 2,000 5.860.2 1 6.56 0.9

PAMAM-G4-OH 14,279 4.860.3 1 4.56 0.6

94 | SHARMA ET AL.



consistency in the synthesis of D-NAC. HPLC chromatogram (Figure 3B

right, Table 2) of these three batches of D-NAC show the corresponding

peaks at same retention time, confirming the consistency of NAC loading

and reproducibility of the improved synthetic protocol.

3.5 | Stability of D-NAC formulation over time

The stability of D-NAC at physiological pH and in vitro release of

NAC in the presence of glutathione has previously been

investigated by our group.30 For the clinical use of D-NAC, we pre-

fer the drug as a formulation in 0.9% sterile and non-pyrogenic

saline solution with a concentration of 200 mg of conjugate per ml

of solution. We further studied the stability of this D-NAC formula-

tion to evaluate its shelf life. The D-NAC formulation was prepared

by weighing powder form D-NAC and then adding 0.9% of sterile

saline in a pre-sterilized laminar flow hood to achieve the final

200 mg/ml concentration. The solution was thoroughly vortexed

and sonicated to ensure the formation of a uniform solution with

FIGURE 3 (A) Calculation of NAC loading by the TCEP reduction method (top: Reduction of D-NAC by TCEP to produce free NAC and D-
SH, bottom: HPLC profile of D-NAC and the reduced reaction mixture containing free NAC and D-SH); (B) Confirmation of reproducibility
of NAC loading (left: 1H NMR spectra of three different batches of D-NAC representing reproducibility for consistent loading of NAC, right:
HPLC chromatogram of different batches showing consistency in the purity of conjugate)
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complete dissolution of D-NAC, followed by filtration through a

sterile filter (0.2 mm). The stability of the formulation was studied at

48C and 258C for 2.7 mL of solution in 5 mL vials in triplicate over a

period of 6 months. The samples were studied by HPLC at different

time points (0, 1 month, 3 months, and 6 months). Figure 4 displays

the HPLC traces of the D-NAC formulation samples at various time

points at 48C and 258C. At time zero the purity of the D-NAC is

99.8%. The D-NAC formulation (200mg/mL) in saline showed excel-

lent stability at 48C, with 99.4% purity even after 6 months. Minor

additional peaks were observed at later time points at 258C, but the

purity of D-NAC was still greater than 95% without any shift in

retention time as compared to the main peak retention time at time

zero. Moreover, even after 6 months at both temperatures, we did

not observe any NAC release. Based on these results, 48C is consid-

ered the appropriate temperature to store the D-NAC formulation

with excellent stability.

3.6 | D-NAC did not induce cell cytotoxicity or LDH-
mediated apoptosis in microglial cells between
batches synthesized by improved protocol

Before proceeding to in vitro efficacy experiments, we evaluated the

cell cytotoxicity of PAMAM-G4-OH, NAC and D-NAC in BV-2 cells to

establish the therapeutic window. We have previously reported that

D-NAC does not induce any cytotoxicity to brain primary mixed glial

cultures.52 In this study, we analyzed the results from three different

batches of D-NAC synthesized using new route and compared them

for reproducibility (Figure 5A,B, Table 2). The cells were treated with

NAC, D-NAC and PAMAM-G4-OH for a brief period of 6 h to ensure

maximum uptake52,53 and to mimic the in vivo blood circulation of the

conjugate. At concentrations of 500 and 1,000 lg/ml, both D-NAC

(three batches) and PAMAM-G4-OH did not induce cytotoxicity to the

cells. The percent cell viability was greater than 98% for both D-NAC

TABLE 2 Validation of reproducibility of different batches of D-NAC

D-NAC Batch 1 Batch 2 Batch 3 Average

NAC payload (Number of NAC molecules per dendrimer) 22 23 22 22

HPLC purity 99.8% 99.8% 99.7% 99.8%

HPLC retention time 16.3 min 16.2 min 15.9 min 16.1 min

Solubility >200 mg/mL >200 mg/mL >200 mg/mL >200 mg/mL

% Cell viability at 1,000 mg/mL >90% >90% >90% >90%

LDH-mediated cytotoxicity at 1,000 mg/mL �10% �9.2% �7% �8.7%

Anti-inflammatory activity (TNF-a suppression at 100 mg/mL compared to free NAC) �2.1 fold �2.5 fold �2.7 fold �2.4 fold

Antioxidant activity (NO suppression at 100 mg/mL compared to free NAC) �1.5 fold �2.2 fold �2 fold �2 fold

FIGURE 4 HPLC chromatogram demonstrating the stability of the D-NAC formulation (200mg/mL) in 0.9% sterile saline over a period of 6
months at room temperature (258C) and at 48C
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and PAMAM-G4-OH suggesting that the intracellular dendrimers did

not induce any cell death. Whereas free NAC treatment caused

�20.0% cell death at 1,000 lg (Figure 5A). At concentrations below

500 lg, NAC did not show any signs of cell death if treated for 6 h.

Next, we assessed if three different D-NAC batches caused LDH

release induced cytotoxicity. LDH is an enzyme released by the cells

when they are undergoing apoptotic cycle due to stress caused by

toxic compounds intracellularly.54 Thus, we used the LDH-mediated

cytotoxicity as a measure of cell toxicity caused by internalized NAC,

D-NAC or PAMAM-G4-OH by the cells. PAMAM-G4-OH treatment at

all concentrations did not demonstrate any signs of cell death or LDH-

mediated cytotoxicity (�100% of cells were viable). D-NAC treatment

at 1,000 and 500 lg demonstrated very minimal cytotoxicity (�9.56

1.1% and 8.060.6%, respectively) (Figure 5B). We suspect that this

minimal toxicity may be due to the conjugation of NAC on the den-

drimer surface since free NAC at treatment concentrations of 100–

1,000 lg also showed LDH mediated cytotoxicity of �14.460.9%,

12.660.5%, and 10.660.7%, respectively (Figure 5B).

3.7 | Enhanced and reproducible anti-inflammatory

and anti-oxidant activity of D-NAC in LPS-induced

microglial cells

For investigating the anti-inflammatory activity of D-NAC, we used

LPS-induced pro-inflammatory BV-2 cells as an in vitro model of inflam-

mation. LPS induces the release of inflammatory cytokines by

activating the protein kinases via toll like receptors (TLR) pathway. The

levels of TNF-a released following 6 h treatment of NAC and D-NAC

were assessed as a measure of anti-inflammatory effect. Since the cells

were treated NAC and D-NAC (containing equivalent NAC in conju-

gated form) for 6 h followed by treatment with LPS containing medium,

the results reflect the therapeutic activity of NAC or D-NAC taken up

by the cells for a limited period and under continuous LPS stimulation.

Upon exposure of cells to LPS resulted in a �6-fold increase in TNF-a

release by BV-2 cells. At 100 and 200 lg/mL treatment concentration,

both NAC and D-NAC were effective in suppressing TNF-a produc-

tion. All the three batches of D-NAC were significantly more effective

(�2.5-fold, p< .001) than NAC (Figure 5C, Table 2). NAC at 1 and 10

lg/mL did not attenuate production of TNF-a, whereas D-NAC dem-

onstrated significant suppression. Interestingly, the TNF-a levels from

the cells treated with 1lg/mL D-NAC were similar to that of 100 lg/

mL NAC (Figure 5C). There was no significant difference in TNF-a sup-

pression among the three batches at all the treatment concentrations

demonstrates reproducible efficacy of D-NAC. This is due to the fact

that all the three batches have similar drug loading and purity. Anti-

oxidant activity was evaluated by measuring the nitric oxide (NO) levels

released by the cells in to the medium using Griess reagent kit. Acti-

vated microglial cells (LPS exposed) showed significant NO release

(�3.0-fold) compared to non-LPS treated controls (Figure 5D, Table 2).

D-NAC treatment at 10, 100 and 200 lg/mL concentrations signifi-

cantly decreased NO production. In contrast, only 200 lg/mL dose of

NAC was effective in decreasing the level of NO release (Figure 5D).

FIGURE 5 In vitro characterization of D-NAC conjugates in murine microglial (BV-2) cells. (A) Cytotoxicity profile of PAMAM G4-OH, D-
NAC and NAC in BV-2 cells upon 6 h treatment; (B) LDH mediated cytotoxicity showing minimal cells death due to apoptosis in D-NAC
treated groups compared to NAC (* p< .01, n56); (C) Anti-inflammatory activity of D-NAC in LPS activated microglial cells (# t-test,
p< .001, n54, * one-way ANOVA, p<0.001, n54); and (D) Anti-oxidant activity of D-NAC and NAC in LPS activated BV-2 microglial cells
(# t-test, p< .001, n54, * one-way ANOVA, p<0.001, n54,^one way ANOVA, p <.01, n54)
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This enhanced efficacy can be attributed to enhanced cellular uptake

of dendrimers.47 We have previously demonstrated that the dendrimer

uptake is increased when the microglial cells are activated.55 D-NAC

treatment improves intracellular glutathione (GSH) levels while sup-

pressing glutamate release significantly compared to NAC.52

3.8 | Fluorescently labeled D-NAC localizes with

activated microglia at white matter areas of CP rabbit

kits

We conjugated a fluorescent tag cyanine 5 (Cy5) to D-NAC to study

brain uptake upon systemic administration in a neonatal rabbit model

of CP with significant microglial activation.30 Figure 6A presents the

synthesis route of Cy5-D-NAC (15). Bifunctional dendrimer (8) was first

reacted with Cy5 NHS ester at pH 7.5 for 2 h followed by the addition

of NAC-SPDP (9) in the same pot. The product formation was con-

firmed with NMR and HPLC (Supporting Information).

The CP kits (n53) received an intravenous administration of Cy5-

D-NAC on PND1 and were sacrificed 24 h post-injection. We found

that the Cy5-D-NAC conjugate co-localized with activated microglia,

indicated by ameboid soma with shortened processes, in the periven-

tricular white matter region (PVR), including corpus callosum, and in the

lateral ventricle in the cortex (Figure 6B). These results indicate that D-

NAC crossed the blood-brain barrier, reached the injured white matter

region, and targeted activated microglia in a cell-specific manner con-

sistent with our many previous findings.30,32,52 These properties make

D-NAC an ideal therapeutic reagent in the treatment of neonatal brain

injuries.

3.9 | Another synthetic approach for conjugation of

NAC on dendrimer surface

While we were redesigning the synthesis of D-NAC, we also developed

another synthetic route which can yield dendrimer-NAC conjugate. In

this route, we generated ether bound linker on the dendrimer surface.

The ether linkages are robust, do not undergo hydrolysis and are not

substrates of esterase. For this purpose, we reacted PAMAM-G4-OH

(1) with allyl bromide in the presence of sodium hydride to conjugate

22–24 allyl arms on the dendrimer surface by ether bonds (11, Figure

7A). The alkene groups on dendrimer surface were then reacted with

BOC-aminoethane thiol under UV light (365 nm) using highly efficient

and orthogonal photocatalyzed thiol-ene click reaction to afford BOC

protected dendrimer 12. Thiol-ene click is a highly robust and scalable

reaction; and has been tremendously used to fabricate several

FIGURE 6 (A) Synthetic route to Cy5-D-NAC (15), (B) Cy5-D-NAC and microglial co-localization in endotoxin kits. Brain slices were
stained with IBA1 (microglial marker). Images were randomly acquired from the corpus callosum and lateral ventricle (white matter) of CP
kits. Intense Cy5-D-NAC signal is co-localized with activated microglia at both the corpus callosum and lateral ventricle in CP kits. Right
panels are the higher magnification images indicated by the boxes on the images of the left panels. Scale bars: 10 lm (left panel) and 5
lm (right panel)
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dendrimer and polymer-based macromolecular systems.56,57 The com-

pletion of the reaction was confirmed by 1H NMR showing complete

disappearance of allyl signals at d 5.8, 5.2 and 3.9 ppm and appearance

of a sharp peak for BOC protons at d 1.3 ppm (Figure 7B). The BOC

was then deprotected using TFA following similar conditions as

described earlier to afford bifunctional ether linked dendrimer (13). The

analysis of proton NMR clearly revealed the disappearance of tert-butyl

peak corresponding to BOC protons in the spectrum (Figure 7B). The

bifunctional dendrimer conjugate 13 was finally reacted with SPDP-

NAC-linker (9) to afford D-NACa (14) with ether linkages on dendrimer

surface. All the intermediates and final conjugate were characterized by
1H NMR and HPLC.

4 | CONCLUSIONS

In summary, we presented a highly facile, convenient and robust proto-

col for the large-scale preparation of D-NAC which is superior to the

previously adapted methods. The newly developed synthetic process

produces a well-defined D-NAC in significantly shorter time-frame,

avoids the use of harsh chemicals and reagents, and has improved

purification protocols which leads to the higher yields of product at

every step involved. This protocol not only decreases the manufactur-

ing cost drastically by cutting down the synthesis time but also trouble

shoots the synthetic problems associated with the previous route; and

provides a highly pure and monodispersed D-NAC conjugate with high

precision in different batches. The conjugates showed shelf-stability

over a 6-month period when stored as a saline solution, and showed

superior activity compared to free drug. Given the improved activity of

polymer-drug and dendrimer-drug conjugates, this scale up protocol

and characterization may offer insights into developing and defining

such conjugates for eventual clinical translation.
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FIGURE 7 (A) Key steps in synthetic pathway of D-NACa (14) Reagents and conditions: (i) Allyl bromide, NaH, DMF, 24 h, 45% (ii) BOC-
aminoethanethiol, DMPAP, UV, RT, 24 h,78%; (iii) DCM, TFA, RT, 24 h, quantitative yield; (iv) N, N-diisopropylethylamine, pH 7.5, DMF, RT,
24 h, 62%; (B) 1H NMR comparison of intermediates and final dendrimer-NAC conjugate via ether linker (D-NACa)
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