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ABSTRACT: A series of secondary amine-modified cyclodextrin (CD) derivatives were synthesized with diverse exterior terminal 

groups (i.e., hydroxyl, methyl, methoxyl, and primary amine). Subsequent reaction with nitric oxide (NO) gas under alkaline condi-

tions yielded N-diazeniumdiolate-modified CD derivatives. Adjustable NO payloads (0.6‒2.4 µmol/mg) and release half-lives 

(0.7‒4.2 h) were achieved by regulating both the amount of secondary amine precursors and the functional groups around the NO 

donor. The bactericidal action of these NO-releasing cyclodextrin derivatives was evaluated against Pseudomonas aeruginosa, a 

Gram-negative pathogen with antibacterial activity proving dependent on both the NO payload and exterior modification. Materials 

containing a high density of NO donors or primary amines exhibited the greatest ability to eradicate P. aeruginosa. Of the materials 

prepared, only the primary amine-terminated hepta-substituted CD derivatives exhibited toxicity against mammalian L929 mouse 

fibroblast cells. The NO donor-modified CD was also capable of delivering promethazine, a hydrophobic drug, thus demonstrating 

potential as a dual-drug releasing therapeutic. 

INTRODUCTION 

Nitric oxide (NO), an endogenously produced diatomic free 

radical, is associated with a wide range of physiological roles, 

including platelet aggregation and adhesion, vasodilation, 

wound repair, the immune response, and carcinogenesis.
1-4

 

Deficiency in endogenous NO production has been linked to 

certain health disorders and disease, such as diabetes and cyst-

ic fibrosis.
5
 Low levels of exhaled NO are associated with 

impaired lung function in cystic fibrosis.
6
  

Exogenous NO delivery has been used as a potential thera-

peutic to treat cardiovascular disorders, cancer and bacterial 

infection.
7-10

 Gaseous NO from high pressure cylinders is used 

clinically to treat pulmonary hypertension.
11

 Other research 

has focused on the synthesis and use of NO donors (e.g., N-

diazeniumdiolates, S-nitrosothiols, metal nitrosyls, organic 

nitrates) to lower the risk of systemic NO exposure and facili-

tate both local and sustained NO delivery.
12

 Low molecular 

weight N-diazeniumdiolates (NONOates) NO donors, in par-

ticular, are among the most widely employed NO release 

compounds due to straightforward preparation, long-term sta-

bility if appropriately packaged/stored, and spontaneous deg-

radation to NO into solution in physiological media.
12

 Unfor-

tunately, the concentration of low molecular weight NO do-

nors necessary to illicit a biological response often is toxic to 

mammalian cells and tissue.  

Macromolecular-based NO-storage systems, including line-

ar and dendritic polymers,
13-16

 silica nanoparticles,
17,18

 chitosan 

oligosaccharides,
19

 liposomes,
20,21

 and metal organic frame-

works
22

 have been developed to increase NO payloads without 

compromising cell/tissue viability. While possessing attractive 

(i.e., therapeutically relevant) NO payloads, the synthetic bur-

den of these systems, limited water solubility, and/or restricted 

control over release kinetics represent a significant challenge 

in their further development for clinical use.  

Cyclodextrins (CDs) are a family of naturally produced, 

highly water-soluble cyclic oligosaccharides, composed of (α-

1,4)-linked α-D-glucopyranose residues.
23,24

 Their cyclic struc-

ture consists of a hydrophobic central cavity and hydrophilic 

exterior that enhances both water solubility and protects en-

capsulated hydrophobic drugs against peripheral stimulants 

(e.g., light, heat, oxygen, enzyme).
25

 To date, CDs have found 

wide utility as agrochemicals, fragrances, food additives, and 

gene/drug delivery carriers.
26,27

 Cyclodextrins have also been 

used to fabricate supramolecular devices (e.g., polyrotaxane, 

molecular shuttle),
28,29

 assemblies (e.g., micelle, vesicle, tube, 

sheet, hydrogel),
30-33

 and polymers.
34,35

 These favorable prop-

erties make CDs intriguing as NO-release/drug delivery vehi-

cles. Two prior reports have described S-nitrosothiol-modified 

CD systems to achieve NO release.
36,37

 However, a CD-based 

scaffold with tunable NO-release payloads and kinetics that 

could be applied clinically as a therapeutic remains elusive.  

Herein, we report the synthesis of N-diazeniumdiolate-

functionalized β-CD derivatives as NO-releasing biopolymers 

with variable NO payloads and highly tunable NO-release 

kinetics, the largest NO payloads for sugar-like biopolymer to 

date, and the ability to co-deliver a hydrophobic drug.  

 

RESULTS AND DISCUSSION 

β-CD was modified with tunable percentages of secondary 

amines using the synthetic strategy shown in Scheme 1a.
38-41

 

First, β-CD was reacted with tosyl chloride under basic condi-

tions to yield mono-6-tosyl-β-cyclodextrin (CD-OTs), a mono-

substituted intermediate.
38

 The tosyl groups were further sub-

stituted with N-(2-Hydroxyethyl)ethylenediamine (HEDA), 

propylamine (PA), 2-methoxyethylamine (MA), ethylenedia-
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mine (EDA), or diethylenetriamine (DETA) to yield secondary 

amine-modified mono-substituted β-CD derivatives.
39

 These 

CD derivatives were given the following nomenclatures: CD-

HEDA, CD-PA, CD-MA, CD-EDA, or CD-DETA, based on 

the primary amines employed in the reaction. To potentially 

improve NO loading, the secondary hydroxyl groups of the β-

CD were converted into bromo groups to yield heptakis-6-

bromo-6-deoxyl-β-cyclodextrin (CD-Br7).
40

 Secondary amine-

modified hepta-substituted β-CD derivatives were then synthe-

sized by displacing bromide with primary amines to form CD-

HEDA7, CD-PA7, CD-MA7, CD-EDA7, and CD-DETA7.
41

 

Synthetic details and analytical characterization are provided 

in Supporting Information (SI). 

Scheme 1. Synthesis of secondary amine- and N-

diazeniumdiolate-functionalized CD derivatives. (a) Prep-

aration of secondary amine-modified CDs; reagents and 

conditions: (i) TsOCl, NaOH, H2O/CH3CN, room temp.; 

(ii) Primary amine (RNH2), 75 
o
C; (iii) Bromine, P(Ph)3, 

DMF, 80 
o
C; (iv) Primary amine (RNH2), DMF, room 

temp. (b) Subsequent N-diazeniumdiolate formation. 
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The resulting secondary amine-modified CD derivatives 

(mono- and hepta-substituted) were reacted with NO gas at 

high pressures (10 bar) under strong alkaline conditions to 

yield N-diazeniumdiolate-modified CD derivatives (Scheme 

1b). The representative synthesis and sequent 
1
H NMR and 

UV-Vis characterization of CD-HEDA7/NO are provided in 

Figure 1. Of note, only one –NH- group is sufficiently facile to 

react with NO, resulting from steric hindrance (Figure 1a). 

Proton NMR indicated evidence for N-diazeniumdiolate NO 

donor-modification on the CD-HEDA7 backbone (Figure 1b). 

Specifically, proton signals in the range of 2.72‒3.05 ppm 

corresponding to methylene groups bound to secondary 

amines were shifted downfield (2.90‒3.11 ppm), owing to 

formation of hydrogen bonds between the terminal hydroxyl 

groups and N-diazeniumdiolate functional groups. Similar 

downfield shifts were also observed in the 
1
H NMR spectra of 

other hydroxyl- or primary amine-terminated CD-NONOates 

(Figures S1‒S5 for CD-HEDA/NO, CD-EDA/NO, CD-

DETA/NO, CD-EDA7/NO and CD-DETA7/NO, respectively). 

Of note, the 
1
H NMR spectra of methyl- and methoxyl-

terminated CD-NONOates (i.e., CD-MA/NO, CD-MA7/NP, 

CD-PA/NO and CD-PA7/NO) revealed upfield shifts for their 

methylene groups around the N-diazeniumdiolates after N-

diazeniumdiolate formation (Figures S6‒S9), possibly at-

tributable to the absence of hydrogen bonding. Additional 

evidence for the formation of CD-NONOates was provided by 

the strong absorption peak at ~252 nm in the UV-Vis spectra 

of CD-HEDA7/NO (Figure 1c). A similar absorption peak 

(around ~255 nm) was observed for each of the other CD-

NONOates (Figure S10 and S11). Of note, an absorption peak 

around 330‒360 nm, characteristic peaks of carcinogenic N-

nitrosamine species, was not observed, suggesting that these 

CD derivatives did not form N-nitrosamines during NO donor 

synthesis. During the N-diazeniumdiolation step, NO first 

reacts with a secondary amine to yield a nitrosamine radical 

anion intermediate; subsequently, this intermediate reacts with 

another molecule of NO to form the N-diazeniumdiolate.
42,43

 

High pressures (i.e., 10 bar) of NO are known to drive the 

reaction to the desired N-diazeniumdiolate product. 

 

Figure 1. (a) Synthetic route for CD-HEDA7/NO. (b) 
1
H 

NMR spectra for CD-HEDA7 (top line) and CD-HEDA7/NO 

(bottom line). (c) UV-Vis spectra for CD-HEDA7 (solid line) 

and CD-HEDA7/NO (dash line). 

As shown in Figure 2a, the degradation of the N-

diazeniumdiolate upon protonation yields two moles of NO 

and the parent secondary amine. This degradation is pH-

dependent, and results in more rapid release at lower pH. Real-

time NO release was measured using a chemiluminescence-

based nitric oxide analyzer (NOA). NO payloads and release 

kinetics of the CD-NONOates were measured under physio-

logical condition (pH 7.40, 37 
o
C). The resulting NO-release 

parameters (i.e., NO payload, half-life of NO release, and con-

version efficiency) are provided in Table 1. Representative 

cumulative NO-release profiles of the N-diazeniumdiolate-

modified CD derivatives are shown in Figures 2b and S12. In 

general, the CD-NONOates exhibited tunable NO payload 

capabilities (e.g., NO payloads from ~0.6 to ~2.4 µmol/mg) 

and variable NO-release kinetics (e.g., half-lives spanning 0.7 

to 4.2 h), depending on the type and amount of secondary 

amines, and exterior chemical modification. The achievable 

NO payloads with these NO donor-modified CD derivatives 

are significantly greater than previously reported NO-releasing 

biopolymers (e.g., ~0.9 µmol/mg for chitosan).
19

 Using the NO 

payload data, we calculated secondary amine (NO precursor) 

to N-diazeniumdiolate NO donor conversion efficiencies to 

span 12‒41%. The less than expected conversion efficiency is 

attributed to the proximity between the NO donor precursors 

(i.e., secondary amines) and oligosaccharide ring, sterically 

hindering complete formation of the N-diazeniumdiolate NO 

donor on each secondary amine. 
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Table 1. Nitric oxide-release properties for CD-NONOates in PBS (pH 7.4) at 37 
o
C. 

Scaffold 
Molecular 

Structure
a
  

t[NO]
b 

(µmol/mg) 

t1/2 

(h) 

t4h[NO]
c
 

(µmol/mg) 

Conversion Efficien-

cy
c
 (%) 

CD-HEDA/NO 
 

0.60±0.05 0.71±0.05 0.48±0.03 36±2 

CD-MA/NO 
 

0.58±0.04 1.46±0.18 0.43±0.03 35±3 

CD-PA/NO 
 

0.61±0.05 1.73±0.24 0.43±0.04 36±2 

CD-EDA/NO 
 

0.57±0.07 3.36±0.33 0.32±0.03 34±4 

CD-DETA/NO 
 

0.68±0.07 4.22±0.35 0.33±0.04 41±2 

CD-HEDA7/NO 
 

2.44±0.19 0.88±0.06 1.99±0.19 15±1 

CD-MA7/NO 
 

1.13±0.15 3.15±0.41 0.65±0.05 12±1 

CD-PA7/NO 
 

1.26±0.05 3.79±0.33 0.66±0.06 13±2 

CD-EDA7/NO 
 

1.24±0.06 3.20±0.30 0.64±0.08 13±1 

CD-DETA7/NO 
 

2.39±0.19 3.39±0.31 1.15±0.12 15±1 

(a) The molecular structure segment of N-diazeniumdiolate in the backbone. (b) NO payload; (c) NO released over 

4 h (µmol) per milligram of N-diazeniumdiolate-modified CD derivatives. Each parameter was analyzed in repli-

cate (n ≥ 3). (c) The theoretical maximum NO payloads were obtained by assuming that 1 mole secondary amine 

forms two moles of NO. Conversion efficiency was calculated by dividing the NOA data by the theoretical maxi-

mum NO payloads. 

 

 

Figure 2. (a) Proton-initiated decomposition of N-

diazeniumdiolate-modified CD derivatives. (b) Cumulative 

NO release given as t[NO] versus time for NO-releasing CD 

derivatives. Solid line represents CD-PA/NO; dash line repre-

sents CD-MA7/NO; dot line represents CD-HEDA7/NO. (c) 

Proposed structure for stabilization of N-diazeniumdiolate CD 

derivatives by neighboring cationic ammonium groups. 

 

The NO payload for each of the mono-substituted CD-

NONOates was ~0.6 µmol/mg. However, the NO-release ki-

netics of these CD-NONOates varied greatly depending on the 

identity of the polyamine NO donor precursor. For example, 

the NO-release half-lives for CD-HEDA/NO, CD-MA/NO and 

CD-PA/NO were 0.71, 1.46 and 1.73 h, respectively. The NO 

release kinetics correlated to the hydrophilicity of the polyam-

ine with HEDA>MA>PA. Based on prior literature, N-

diazeniumdiolate stabilization by adjacent cationic ammonium 

groups might extend NO release (Figure 2c).
13,44

 We thus em-

ployed the utility of EDA and DETA to prepare primary 

amine-terminated CD derivatives (CD-EDA and CD-DETA). 

Both primary amine-terminated CD-NONOates led to signifi-

cantly longer NO release (3.36 and 4.22 h NO-release half-

lives for CD-EDA/NO and CD-DETA/NO, respectively), rela-

tive to the alkyl substituted systems.  

With respect to substantially enhancing the NO payloads, 

hepta-substituted CD derivatives were synthesized thereby, 

increasing the NO donor precursor (i.e., secondary amine) 

levels seven-fold compared to mono-substituted CD deriva-

tives. Representative real-time NO-release profiles from hep-

ta-substituted CD-NONOates are provided in Figure S12b. 

Hepta-CD derivatives exhibited significant NO payloads (Ta-

ble 1), with short polyamine chains (MA, PA, and EDA) ap-

proaching ~1.2 µmol/mg, nearly two times greater than their 

mono-substituted CD-NONOates. The longer polyamine mod-

ifications (DETA and HEDA) exhibited four times more NO 

payload than their mono-substituted counterparts, owing to the 

greater secondary amine content. Although the percentage of 

secondary amine increased seven-fold, the increase of NO 

payload was only two-fold or four-fold, owing to the steric 

hindrance and repulsive interactions. Nevertheless, these bi-

opolymers represent a notable advancement in NO loading on 

a sugar-like biopolymer. That is likely to be amenable for de-

livering therapeutic levels of NO in a water-soluble and non-

toxic form. 

The antibacterial activity of these CD-NONOates was eval-

uated against Gram-negative P. aeruginosa, a model pathogen 

associated with a number of serious medical infections (e.g., 

traumatic burns, cystic fibrosis).
4,8

 To start, planktonic bacteri-

al viability assays were performed under static conditions. 

Minimum bactericidal concentrations over a 4 h exposure 

(MBC4h) were used to quantify bactericidal activity. The MBC 

is defined as the minimum concentration required to eliminate 

bacteria viability by 3 logs (i.e., 99.9% killing). The total NO 

amounts delivered by the CD derivatives over this period (i.e., 

NO dose) was determined from the NO release data collected 

by the NOA. Both MBC4h and required NO doses are provided 
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Table 2. Minimum bactericidal concentration (MBC4h) and NO doses of NO-releasing CD derivatives to achieve 3-log re-

duction in planktonic P. aeruginosa viability.
a
 

Mono-substituted 

CD derivatives 

MBC4h 

(µg/mL) 

NO dose 

(µmol/mL) 

Hepta-substituted 

CD derivatives 

MBC4h 

(µg/mL) 

NO dose 

(µmol/mL) 

CD-HEDA/NO 1000 0.48 CD-HEDA7/NO 250 0.50 

CD-PA/NO 1000 0.43 CD-PA7/NO 500 0.33 

CD-MA/NO 1000 0.43 CD-MA7/NO 500 0.33 

CD-EDA/NO 500 0.16 CD-EDA7/NO 250 0.16 

CD-DETA/NO 250 0.08 CD-DETA7/NO 100 0.11 

(a) Results of n ≥ 3 pooled experiments. 

 

in Table 2. The bactericidal activity of both control and NO-

releasing mono-substituted CD derivatives was tested to eval-

uate the effects of specific terminal groups on bactericidal 

action. At equivalent concentrations, mono-substituted control 

(without NO donor) CD derivatives did not influence bacterial 

viability regardless of the modification (Figure S13). As 

shown in Table 2, primary amine-terminated CD-NONOates 

required the lowest NO dose to eradicate P. aeruginosa. The 

methyl-, hydroxyl-, and methoxyl-terminated CD-NONOates 

required 2‒4 times more NO to achieve similar action. Prior 

work has attributed enhanced antibacterial ability for primary 

amine-terminated NO-releasing macromolecules to faster as-

sociation with bacteria and more localized NO delivery.
45,46

 In 

this regard, the bactericidal action of mono-substituted CD-

NONOates proves more dependent on specific exterior modi-

fications. 

Confocal laser scanning microscopy (CLSM) was utilized to 

further elucidate the impact of exterior modifications on the 

antibacterial action of primary amine-terminated CD-EDA/NO 

versus methyl-terminated CD-PA/NO. A NO-responsive fluo-

rescent probe, 4,5-diaminofluorescein diacetate (DAF-2 DA) 

and standard nucleic acid-sensitive fluorescent dye propidium 

iodide (PI) were added to the P. aeruginosa and solution me-

dia, respectively.
46

 Prior to introducing the NO-releasing CD-

NONOates, no autofluorescence was measured from either 

DAF-2 or PI. Upon exposure to CD-PA/NO, green DAF-2 

fluorescence (Figures 3b and S14) was observed, indicating 

NO accumulation inside the bacteria. Of note, green fluores-

cence was not noted upon exposing P. aeruginosa to CD-

EDA/NO (Figures 3e and S15). In this case, intracellular NO 

accumulation was no longer measurable owing to cellular 

membrane damage. Red PI fluorescence, indicative of cell 

death was only observed for CD-EDA/NO at 1 h (Figure S15), 

but not for CD-PA/NO (Figure S14). Additionally, red PI fluo-

rescence was measured after 2 h incubation (Figures 1c and 

1f), with the intensity being greatest for CD-EDA/NO. These 

data indicate that the cellular damage rate achieved with CD-

PA/NO was slower than CD-EDA/NO.  

Hepta-substituted CD-NONOates exhibited far greater anti-

bacterial capability versus mono-substituted CD-NONOates 

with identical terminal functional groups (Table 2). Although 

the hepta-substituted CD-NONOates had lower MBCs, the NO 

doses required to kill P. aeruginosa were similar with that of 

mono-substituted CD-NONOates when overall mass of the 

biopolymer was taken into account. In addition, hepta-

substituted control (i.e., without NO release) CDs with PA, 

HEDA, EDA and DETA modifications possessed enhanced 

inherent antibacterial action than the corresponding mono-

substituted CDs (Figure S16). The greater density of alkyl 

and/or amine functional groups leads to faster membrane in-

tercalation and cell membrane damage, respectively.
14,47,48

  

 

Figure 3. (a‒c) Confocal laser scanning microscopy (CLSM) 

images of P. aeruginosa exposed to 300 µg/mL CD-PA/NO 

for 2 h. DAF-2 green fluorescence indicates intracellular NO 

delivery. The appearance of PI red fluorescence is attributed to 

cellular membrane destruction (cell death). (a) Bright field; (b) 

DAF-2; (c) PI. (d‒f) CLSM images of P. aeruginosa exposed 

to 300 µg/mL CD-EDA/NO for 2 h. (d) Bright field; (e) DAF-

2; (f) PI. 

With respect to therapeutic potential, toxicity to mammalian 

cells is an equally important factor in the development of any 

new antibacterial agent. The cytotoxicity of CD-NONOates 

was evaluated by exposing L929 mouse fibroblast cells to 

0‒2000 µg/mL of both control and NO-releasing CD deriva-

tives over a 4-hour period. Mouse fibroblast cell viability was 

maintained above 50% for both mono-substituted control and 

the corresponding NO-releasing CDs even at 2000 µg/mL 

(Figure 4a), regardless of the terminal functional group. While 

the hepta-substituted control CD derivatives were also not 

toxic, the cytotoxicity of the NO-releasing CD-NONOates 

proved to be dependent on the terminal functional group (Fig-

ure 4b). Both CD-PA7/NO and CD-MA7/NO were tolerable 

to the mouse fibroblasts even at 2000 µg/mL (63% and 73% 

cell viability for CD-PA7/NO and CD-MA7/NO, respectively). 

In contrast, cell viability fell to below 30% when treated with 

CD-EDA7/NO or CD-DETA7/NO, regardless of the tested 

concentrations, indicating considerable toxicity. This behavior 

is in part related to the effective delivery of NO induced by the 

fast cellular uptake of positively charged macromolecular sys-
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tems.
49,50

 These results were not unexpected given both the 

large level of terminal primary amines groups and considera-

ble NO payloads. As reported by Knop et al., the presence of 

hydroxyl groups may mitigate cytotoxicity of certain macro-

molecular systems.
51

 Hydroxyl-terminated CD-HEDA7/NO 

proved significantly more tolerable to the mouse fibroblasts up 

to 1000 µg/mL, despite having a high NO payload. With the 

exception of CD-EDA7/NO and CD-DETA7/NO, both the 

favorable toxicity profiles and noteworthy antibacterial activi-

ty against P. aeruginosa suggest high therapeutic utility for 

NO donor-modified CD derivatives for a range of clinical 

indications plagued by infections including wound healing and 

respiratory diseases. 

 

Figure 4. Cell viability (%) of L929 mouse fibroblasts follow-

ing exposure to blank (buffer only), control (non-NO-releasing) 

and NO-releasing CD solutions at 250‒2000 µg/mL for 4 h. 

The data represents the mean standard deviation of at least 

three determinations. (a) Mono-substituted CD derivatives; (b) 

Hepta-substituted CD derivatives. 

Apart from exterior modifications to facilitate NO delivery, 

the interior cavity of cyclodextrin derivatives may be em-

ployed as a carrier of hydrophobic drugs.
25

 Co-delivery of NO 

with a drug has proven effective in decreasing the required 

therapeutic concentration of the drug alone.
52-54

 With this in 

mind, we investigated the ability of CD-NONOates to deliver 

both NO and a hydrophobic drug. As a proof-of-concept, pro-

methazine (PM) was selected as a model hydrophobic drug in 

our study. PM is a neuroleptic mediation used as an antiemetic 

and remedy for motion sickness.
55

 It has also been used off-

label as an antibacterial agent.
56,57

 Lutka previously reported 

the utility of CD as an effective carrier for PM,
55

 noting both 

enhanced water-solubility and tolerability (Figure S17). We 

set out to investigate the antibacterial actions of PM, the com-

plex of PM and CD-DETA, and the complex of PM and CD-

DETA/NO against P. aeruginosa. As shown in Table 3 and 

Figure 5b, the MBC4h for PM was 100 µg/mL, even when 

encapsulated within CD-DETA. The use of CD-DETA/NO to 

co-deliver NO and PM resulted in significant additive activity 

against P. aeruginosa, decreasing the MBC4h of PM from 100 

to 40 µg/mL. As CD-DETA forms an inclusive complex with 

PM at a molar ratio of 1:1 (Figure S18), the corresponding 

concentration of CD-DETA/NO was 162 µg/mL. Bacterial 

degradation of CD-DETA likely promotes the release of en-

capsulated PM initiating antibacterial action, in a similar man-

ner to CD-capping silver nanoparticles.
58

 Of note, the MBC4h 

values of CD-DETA and CD-DETA/NO were 8 mg/mL and 

250 µg/mL, respectively. Comparing these data, the combined 

delivery of NO and PM decreases the required MBC of each 

drug, with potential benefits for drug tolerability and avoid-

ing/reducing potential adverse side-effects clinically. The cy-

totoxicity of PM, the complex of PM and CD-DETA, and the 

complex of PM and CD-DETA/NO was evaluated by expos-

ing L929 mouse fibroblast cells to the respective MBC4h (bac-

teria eradication) concentrations. As shown in Figure 5c, the 

PM at 100 µg/mL completely annihilated the mouse fibroblast 

cells. In contrast, the cell viability was 31% when using CD-

DETA to deliver the PM, as a result of both the lower concen-

tration of PM and its isolation to within the CD derivative. The 

co-delivery of NO and PM (via CD-DETA/NO) resulted in the 

least cell toxicity (viability of 52%), unequivocally demon-

strating the utility of co-delivery with NO. 

 

Figure 5. (a) Illustration of promethazine and NO co-delivery 

for antibacterial activity. (b) Bactericidal efficacy of PM (cir-

cle), the complex of PM and CD-DETA (triangle) and the 

complex of PM and CD-DETA/NO (square) against Gram-

negative P. aeruginosa. PM and CD derivatives were deliv-

ered in a molar ratio of 1:1. The X-axis is the concentration of 

PM in different systems. (c) Cell viability (%) of L929 mouse 

fibroblasts following exposure to PM, the complex of PM and 

CD-DETA, and the complex of PM and CD-DETA/NO at the 

MBC4h concentrations. Red bar was PM; green bar was the 

complex of PM and CD-DETA; blue bar was the complex of 

PM and CD-DETA/NO. 
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Table 3. MBC4h for NO-releasing CD-DETA and PM 

against planktonic P. aeruginosa.
a
 

 PM MBC4h 

(µg/mL) 

Corresponding 

carrier concentra-

tion (µg/mL) 

PM 100 —  

PM/CD-DETA complex  

 

100 380 

PM/CD-DETA/NO complex 40 162 

(a) Results of n ≥ 3 pooled experiments. 

 

CONCLUSIONS 

Herein, we report the synthesis of N-diazeniumdiolate-

modified cyclodextrin derivatives with tunable NO payloads 

and NO-release kinetics based on the NO donor precursor 

structure and modification extent. CD derivatives modified 

fully with N-diazeniumdiolate precursors resulted in signifi-

cant NO payloads and maximum bactericidal action against P. 

aeruginosa, regardless of terminal group modification. The 

antibacterial activity of primary amine-terminated CD deriva-

tives displayed proved greater than any other terminal group 

functionalization of equivalent NO payload, attributed to their 

positive charge and ensuing ability to facilitate greater bacteri-

al association with the negatively charged bacteria.
46

 All of the 

CD-NONOates except CD-EDA7/NO and CD-DETA7/NO 

were nontoxic against L929 mouse fibroblast cells at their 

bactericidal doses. The combined action of NO and prometha-

zine via PM/CD-DETA/NO demonstrates for the first time the 

potential of co-delivering NO with another drug from the same 

complex. 

 

ASSOCIATED CONTENT  

Supporting_Information 

The Supporting Information is available free of charge on the 

ACS Publications website. Experimental details on the material 

synthesis and characterizations, antibacterial activity, cytotoxicity 

study; supplementary data including NMR data, UV-Vis spectra, 

Cumulative NO release curves, CLSM images, etc.  

 

AUTHOR INFORMATION 

Corresponding Author 

* schoenfisch@unc.edu 

 

Notes 
The authors declare the following competing financial interest(s): 

Mark H. Schoenfisch is a co-founder and maintains a financial 

interest in Novan, Inc. and Vast Therapeutics, Inc. Both compa-

nies commercialize macromolecular nitric oxide storage and re-

lease vehicles for clinical indications. 

 

ACKNOWLEDGMENT  

Financial support was provided by the National Institutes of 

Health (DE025207). The authors also thank Dr. Brandie Ehrmann 

at the Mass Spectrometry Core Laboratory at the University of 

North Carolina at Chapel Hill for assistance with LC-MS data 

collection and analysis.  

REFERENCES 

(1) Fang, F. C. Antimicrobial reactive oxygen and nitrogen species: 

concepts and controversies. Nat. Rev. Micro. 2004, 2, 820‒832. 

(2) MacMicking, J.; Xie, Q.-W.; Nathan, C. Nitric oxide and macro-

phage function. Annu. Rev. Immunol. 1997, 15, 323‒350. 

(3) Kim, J.; Yung, B. C.; Kim, W. J.; Chen, X. Combination of nitric 

oxide and drug delivery systems: tools for overcoming drug resistance 

in chemotherapy. J. Control. Release 2017, 263, 223‒230. 

(4) Hossain, S.; Nisbett, L. M.; Boon, E. M. Discovery of two bacteri-

al nitric oxide-responsive proteins and their roles in bacterial biofilm 

regulation. Acc. Chem. Res. 2017, 50, 1633‒1639. 

(5) Ignarro, L. J. Nitric oxide: biology and pathobiology; Academic 

press, 2000.  

(6) Keen, C.; Gustafsson, P.; Lindblad, A.; Wennergren, G.; Olin, A. 

C. Low levels of exhaled nitric oxide are associated with impaired 

lung function in cystic fibrosis. Pediatr. Pulmonol. 2010, 45, 

241‒248. 

(7) Wo, Y. Q.; Brisbois, E. J.; Bartlett, R. H.; Meyerhoff, M. E. Re-

cent advances in thromboresistant and antimicrobial polymers for 

biomedical applications: just say yes to nitric oxide (NO). Biomater. 

Sci. 2016, 4, 1161‒1183. 

 (8) Carpenter, A. W.; Schoenfisch, M. H. Nitric oxide release: Part II. 

Therapeutic applications. Chem. Soc. Rev. 2012, 41, 3742‒3752. 

(9) Kim, J.; Saravanakumar, G.; Choi, H. W.; Park, D.; Kim, W. J. A 

platform for nitric oxide delivery. J. Mater. Chem. B 2014, 2, 

341‒356. 

(10) Sortino, S. Light-controlled nitric oxide delivering molecular 

assemblies. Chem. Soc. Rev. 2010, 39, 2903‒2913. 

(11) Troncy, E.; Francœur, M.; Blaise, G. Inhaled nitric oxide: clini-

cal applications, indications, and toxicology. Can. J. Anaesth. 1997, 

44, 973‒988. 

(12) Riccio, D. A.; Schoenfisch, M. H. Nitric oxide release: Part I. 

Macromolecular scaffolds. Chem. Soc. Rev. 2012, 41, 3731‒3741. 

(13) Kim, J.; Lee, Y.; Singha, K.; Kim, H. W.; Shin, J. H.; Jo, S.; 

Han, D.-K.; Kim, W. J. NONOates–polyethylenimine hydrogel for 

controlled nitric oxide release and cell proliferation modulation. Bio-

conjugate Chem. 2011, 22, 1031‒1038. 

(14) Worley, B. V.; Schilly, K. M.; Schoenfisch, M. H. Anti-biofilm 

efficacy of dual-action nitric oxide-releasing alkyl chain modified 

poly(amidoamine) dendrimers. Mol. Pharmaceutics 2015, 12, 

1573‒1583. 

(15) Sadrearhami, Z.; Yeow, J.; Nguyen, T.-K.; Ho, K. K. K.; Kumar, 

N.; Boyer, C. Biofilm dispersal using nitric oxide loaded nanoparti-

cles fabricated by photo-PISA: influence of morphology. Chem. 

Commun. 2017, 53, 12894‒12897. 

(16) Duong, H. T. T.; Kamarudin, Z. M.; Erlich, R. B.; Li, Y.; Jones, 

M. W.; Kavallaris, M.; Boyer, C.; Davis, T. P. Intracellular nitric 

oxide delivery from stable NO-polymeric nanoparticle carriers. Chem. 

Commun. 2013, 49, 4190‒4192. 

(17) Zhang, H.; Annich, G. M.; Miskulin, J.; Stankiewicz, K.; Oster-

holzer, K.; Merz, S. I.; Bartlett, R. H.; Meyerhoff, M. E. Nitric oxide-

releasing fumed silica particles: synthesis, characterization, and bio-

medical application. J. Am Chem. Soc. 2003, 125, 5015‒5024. 

(18) Park, D.; Kim, J.; Lee, Y. M.; Park, J.; Kim, W. J. Polydopamine 

Hollow Nanoparticle Functionalized with N-diazeniumdiolates as a 

Nitric Oxide Delivery Carrier for Antibacterial Therapy. Adv. 

Healthc. Mater. 2016, 5, 2019‒2024. 

(19) Lu, Y.; Slomberg, D. L.; Schoenfisch, M. H. Nitric oxide-

releasing chitosan oligosaccharides as antibacterial agents. Biomateri-

als 2014, 35, 1716‒1724. 

(20) Huang, S.-L.; Kee, P. H.; Kim, H.; Moody, M. R.; Chrzanowski, 

S. M.; MacDonald, R. C.; McPherson, D. D. Nitric oxide-loaded 

echogenic liposomes for nitric oxide delivery and inhibition of intimal 

hyperplasia. J. Am. Coll. Cardiol. 2009, 54, 652‒659. 

(21) Suchyta, D. J.; Schoenfisch, M. H. Encapsulation of N-

diazeniumdiolates within liposomes for enhanced nitric oxide donor 

stability and delivery. Mol. Pharmaceutics 2015, 12, 3569‒3574. 

Page 6 of 8

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

http://pubs.acs.org/action/showLinks?pmid=9143691&crossref=10.1146%2Fannurev.immunol.15.1.323&coi=1%3ACAS%3A528%3ADyaK2sXisVCmsLo%253D&citationId=p_n_6_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.accounts.7b00095&coi=1%3ACAS%3A528%3ADC%252BC2sXps1Cjtro%253D&citationId=p_n_8_1
http://pubs.acs.org/action/showLinks?pmid=20146368&coi=1%3ACAS%3A280%3ADC%252BC3c7jslSgtw%253D%253D&citationId=p_n_10_1
http://pubs.acs.org/action/showLinks?pmid=23160081&crossref=10.1039%2FC2CC37181B&coi=1%3ACAS%3A528%3ADC%252BC3sXmt1Cjtb0%253D&citationId=p_n_20_1
http://pubs.acs.org/action/showLinks?pmid=22362384&crossref=10.1039%2Fc2cs15273h&coi=1%3ACAS%3A528%3ADC%252BC38Xmt1yktLk%253D&citationId=p_n_12_1
http://pubs.acs.org/action/showLinks?pmid=23160081&crossref=10.1039%2FC2CC37181B&coi=1%3ACAS%3A528%3ADC%252BC3sXmt1Cjtb0%253D&citationId=p_n_20_1
http://pubs.acs.org/action/showLinks?pmid=20556272&crossref=10.1039%2Fb908663n&coi=1%3ACAS%3A528%3ADC%252BC3cXptFyhu7s%253D&citationId=p_n_14_1
http://pubs.acs.org/action/showLinks?pmid=27331379&crossref=10.1002%2Fadhm.201600150&coi=1%3ACAS%3A528%3ADC%252BC28XhtVagsr%252FJ&citationId=p_n_22_1
http://pubs.acs.org/action/showLinks?pmid=27331379&crossref=10.1002%2Fadhm.201600150&coi=1%3ACAS%3A528%3ADC%252BC28XhtVagsr%252FJ&citationId=p_n_22_1
http://pubs.acs.org/action/showLinks?pmid=22362355&crossref=10.1039%2Fc2cs15272j&coi=1%3ACAS%3A528%3ADC%252BC38Xmt1yktLs%253D&citationId=p_n_16_1
http://pubs.acs.org/action/showLinks?pmid=19660697&crossref=10.1016%2Fj.jacc.2009.04.039&coi=1%3ACAS%3A528%3ADC%252BD1MXhtFaksbjK&citationId=p_n_24_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.molpharmaceut.5b00006&coi=1%3ACAS%3A528%3ADC%252BC2MXmsV2ls7Y%253D&citationId=p_n_18_1
http://pubs.acs.org/action/showLinks?pmid=15378046&crossref=10.1038%2Fnrmicro1004&coi=1%3ACAS%3A528%3ADC%252BD2cXns1ektLc%253D&citationId=p_n_5_1
http://pubs.acs.org/action/showLinks?pmid=28034787&crossref=10.1016%2Fj.jconrel.2016.12.026&coi=1%3ACAS%3A528%3ADC%252BC2sXpsFGktg%253D%253D&citationId=p_n_7_1
http://pubs.acs.org/action/showLinks?pmid=27226170&crossref=10.1039%2FC6BM00271D&coi=1%3ACAS%3A528%3ADC%252BC28XosF2hsL4%253D&citationId=p_n_11_1
http://pubs.acs.org/action/showLinks?pmid=27226170&crossref=10.1039%2FC6BM00271D&coi=1%3ACAS%3A528%3ADC%252BC28XosF2hsL4%253D&citationId=p_n_11_1
http://pubs.acs.org/action/showLinks?crossref=10.1039%2FC3TB21259A&coi=1%3ACAS%3A528%3ADC%252BC3sXhvFGktb%252FI&citationId=p_n_13_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja0291538&coi=1%3ACAS%3A528%3ADC%252BD3sXis1eqtLw%253D&citationId=p_n_21_1
http://pubs.acs.org/action/showLinks?pmid=24268196&crossref=10.1016%2Fj.biomaterials.2013.11.015&coi=1%3ACAS%3A528%3ADC%252BC3sXhvVSgsLrO&citationId=p_n_23_1
http://pubs.acs.org/action/showLinks?pmid=9305562&crossref=10.1007%2FBF03011970&coi=1%3ACAS%3A280%3ADyaK2svltVGktg%253D%253D&citationId=p_n_15_1
http://pubs.acs.org/action/showLinks?pmid=24268196&crossref=10.1016%2Fj.biomaterials.2013.11.015&coi=1%3ACAS%3A528%3ADC%252BC3sXhvVSgsLrO&citationId=p_n_23_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fbc100405c&coi=1%3ACAS%3A528%3ADC%252BC3MXmsF2gtbk%253D&citationId=p_n_17_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.molpharmaceut.5b00248&coi=1%3ACAS%3A528%3ADC%252BC2MXhtlGgt7fP&citationId=p_n_25_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fbc100405c&coi=1%3ACAS%3A528%3ADC%252BC3MXmsF2gtbk%253D&citationId=p_n_17_1
http://pubs.acs.org/action/showLinks?pmid=29160874&crossref=10.1039%2FC7CC07293G&coi=1%3ACAS%3A528%3ADC%252BC2sXhvVKqt7zE&citationId=p_n_19_1
http://pubs.acs.org/action/showLinks?pmid=29160874&crossref=10.1039%2FC7CC07293G&coi=1%3ACAS%3A528%3ADC%252BC2sXhvVKqt7zE&citationId=p_n_19_1


 

 

(22) Lowe, A.; Chittajallu, P.; Gong, Q.; Li, J.; Balkus, K. J. Storage 

and delivery of nitric oxide via diazeniumdiolated metal organic 

framework. Micropor. Mesopor. Mat. 2013, 181, 17‒22. 

(23) Szejtli, J. Introduction and general overview of cyclodextrin 

chemistry. Chem. Rev. 1998, 98, 1743‒1754. 

(24) Crini, G. Review: A history of cyclodextrins. Chem. Rev. 2014, 

114, 10940‒10975. 

(25) Davis, M. E.; Brewster, M. E. Cyclodextrin-based pharmaceu-

tics: past, present and future. Nat. Rev. Drug Discov. 2004, 3, 

1023‒1035. 

(26) Zhang, J. X.; Ma, P. X. Cyclodextrin-based supramolecular sys-

tems for drug delivery: Recent progress and future perspective. Adv. 

Drug Deliv. Rev. 2013, 65, 1215‒1233. 

(27) Del Valle, E. M. Cyclodextrins and their uses: a review. Process 

Biochem. 2004, 39, 1033‒1046. 

(28) Wei, P.; Yan, X.; Huang, F. Supramolecular polymers construct-

ed by orthogonal self-assembly based on host-guest and metal-ligand 

interactions. Chem. Soc. Rev. 2015, 44, 815‒832. 

(29) Wenz, G.; Han, B.-H.; Müller, A. Cyclodextrin rotaxanes and 

polyrotaxanes. Chem. Rev. 2006, 106, 782‒817. 

(30) Chen, Y.; Liu, Y. Cyclodextrin-based bioactive supramolecular 

assemblies. Chem. Soc. Rev. 2010, 39, 495‒505. 

(31) Iwaso, K.; Takashima, Y.; Harada, A. Fast response dry-type 

artificial molecular muscles with [c2]daisy chains. Nat. Chem. 2016, 

8, 625‒632. 

(32) Jin, H.; Zheng, Y.; Liu, Y.; Cheng, H.; Zhou, Y.; Yan, D. Re-

versible and large-scale cytomimetic vesicle aggregation: Light-

responsive host–guest interactions. Angew. Chem. Int. Ed. 2011, 50, 

10352‒10356. 

(33) Chen, G.; Jiang, M. Cyclodextrin-based inclusion complexation 

bridging supramolecular chemistry and macromolecular self-

assembly. Chem. Soc. Rev. 2011, 40, 2254‒2266. 

(34) Harada, A.; Takashima, Y.; Yamaguchi, H. Cyclodextrin-based 

supramolecular polymers. Chem. Soc. Rev. 2009, 38, 875‒882. 

(35) Dong, R.; Zhou, Y.; Huang, X.; Zhu, X.; Lu, Y.; Shen, J. Func-

tional supramolecular polymers for biomedical applications. Adv. 

Mater. 2015, 27, 498‒526. 

(36) Deniz, E.; Kandoth, N.; Fraix, A.; Cardile, V.; Graziano, A. C. 

E.; Lo Furno, D.; Gref, R.; Raymo, F. M.; Sortino, S. Photoinduced 

fluorescence activation and nitric oxide release with biocompatible 

polymer nanoparticles. Chem. Eur. J. 2012, 18, 15782‒15787. 

(37) Piras, L.; Theodossiou, T. A.; Manouilidou, M. D.; Lazarou, Y. 

G.; Sortino, S.; Yannakopoulou, K. S-Nitroso‐β‐Cyclodextrins as 

new bimodal carriers: Preparation, detailed characterization, nitric 

oxide release, and molecular encapsulation. Chem. Asian J. 2013, 8, 

2768‒2778. 

(38) Petter, R. C.; Salek, J. S.; Sikorski, C. T.; Kumaravel, G.; Lin, F. 

T. Cooperative binding by aggregated mono-6-(alkylamino)-.beta.-

cyclodextrins. J. Am. Chem. Soc. 1990, 112, 3860‒3868. 

(39) Liu, Y. Y.; Fan, X. D.; Gao, L. Synthesis and characterization of 

β‐Cyclodextrin based functional monomers and its copolymers with 

N-isopropylacrylamide. Macromol. Biosci. 2003, 3, 715‒719. 

(40) Gadelle, A.; Defaye, J. Selective halogenation at primary posi-

tions of cyclomaltooligosaccharides and a synthesis of per-3,6-

anhydro cyclomaltooligosaccharides. Angew. Chem. Int. Ed. 1991, 30, 

78‒80. 

(41) Mourtzis, N.; Paravatou, M.; Mavridis, I. M.; Roberts, M. L.; 

Yannakopoulou, K. Synthesis, characterization, and remarkable bio-

logical properties of cyclodextrins bearing guanidinoalkylamino and 

aminoalkylamino groups on their primary side. Chem. Eur. J. 2008, 

14, 4188‒4200. 

(42) Longhi, R.; Ragsdale, R.; Drago, R. S. Reactions of nitrogen (II) 

oxide with miscellaneous Lewis bases. Inorg. Chem. 1962, 1, 

768‒770. 

(43) Zhou, Z.; Annich, G. M.; Wu, Y.; Meyerhoff, M. E. Water-

soluble poly (ethylenimine)-based nitric oxide donors: preparation, 

characterization, and potential application in hemodialysis. Biom-

acromolecules 2006, 7, 2565‒2574. 

 

(44) Keefer, L. K.; Nims, R. W.; Davies, K. M.; Wink, D. A. “NON-

Oates” (1-substituted diazen-1-ium-1,2-diolates) as nitric oxide do-

nors: Convenient nitric oxide dosage forms. Method Enzymol. 1996, 

268, 281‒293. 

(45) Worley, B. V.; Slomberg, D. L.; Schoenfisch, M. H. Nitric ox-

ide-releasing quaternary ammonium-modified poly(amidoamine) 

dendrimers as dual action antibacterial agents. Bioconjugate Chem. 

2014, 25, 918‒927. 

(46) Hetrick, E. M.; Shin, J. H.; Stasko, N. A.; Johnson, C. B.; Wespe, 

D. A.; Holmuhamedov, E.; Schoenfisch, M. H. Bactericidal efficacy 

of nitric oxide-releasing silica nanoparticles. Acs Nano 2008, 2, 

235‒246. 

(47) Calabretta, M. K.; Kumar, A.; McDermott, A. M.; Cai, C. Anti-

bacterial activities of poly (amidoamine) dendrimers terminated with 

amino and poly (ethylene glycol) groups. Biomacromolecules 2007, 8, 

1807‒1811. 

(48) Palermo, E. F.; Lee, D.-K.; Ramamoorthy, A.; Kuroda, K. Role 

of cationic group structure in membrane binding and disruption by 

amphiphilic copolymers. J. Phys. Chem. B 2010, 115, 366‒375. 

(49) Liu, H.; Chen, S.; Zhou, Y.; Che, X.; Bao, Z.; Li, S.; Xu, J. The 

effect of surface charge of glycerol monooleate-based nanoparticles 

on the round window membrane permeability and cochlear distribu-

tion. J. Drug Target. 2013, 21, 846‒854. 

(50) Oh, N.; Park, J.-H. Endocytosis and exocytosis of nanoparticles 

in mammalian cells. Int. J. Nanomed. 2014, 9, 51‒63.  

(51) Knop, K.; Hoogenboom, R.; Fischer, D.; Schubert, U. S. 

Poly(ethylene glycol) in Drug Delivery: Pros and Cons as Well as 

Potential Alternatives. Angew. Chem. Int. Ed. 2010, 49, 6288‒6308. 

(52) Nguyen, T.-K.; Selvanayagam, R.; Ho, K. K. K.; Chen, R.; 

Kutty, S. K.; Rice, S. A.; Kumar, N.; Barraud, N.; Duong, H. T. T.; 

Boyer, C. Co-delivery of nitric oxide and antibiotic using polymeric 

nanoparticles. Chem. Sci. 2016, 7, 1016‒1027. 

(53) Wang, M.-R.; Chiu, S.-J.; Chou, H.-C.; Hu, T.-M. An efficient S-

NO-polysilsesquioxane nano-platform for the co-delivery of nitric 

oxide and an anticancer drug. Chem. Commun. 2015, 51, 

15649‒15652.  

(54) Namivandi-Zangeneh, R.; Sadrearhami, Z.; Bagheri, A.; 

Sauvage-Nguyen, M.; Ho, K. K. K.; Kumar, N.; Wong, E. H. H.; 

Boyer, C. Nitric Oxide-Loaded Antimicrobial Polymer for the Syner-

gistic Eradication of Bacterial Biofilm. ACS Macro Lett. 2018, 7, 

592‒597. 

(55) Lutka, A. Investigation of interaction of promethazine with cy-

clodextrins. Acta Pol. Pharm. 2002, 59, 45‒52. 

(56) Gunics, G.; Motohashi, N.; Amaral, L.; Farkas, S.; Molnár, J. 

Interaction between antibiotics and non-conventional antibiotics on 

bacteria. Int. J. Antimicrob. Agents 2000, 14, 239‒242. 

(57) Jeyaseeli, L.; Dasgupta, A.; Dastidar, S.; Molnar, J.; Amaral, L. 

Evidence of significant synergism between antibiotics and the anti-

psychotic, antimicrobial drug flupenthixol. Eur. J. Clin. Microbiol. 

Infect. Dis. 2012, 31, 1243‒1250. 

(58) Jaiswal, S.; Duffy, B.; Jaiswal, A. K.; Stobie, N.; McHale, P. 

Enhancement of the antibacterial properties of silver nanoparticles 

using β-cyclodextrin as a capping agent. Int. J. Antimicrob. Agents 

2010, 36, 280‒283. 

 

 

 

Page 7 of 8

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

http://pubs.acs.org/action/showLinks?pmid=23944216&crossref=10.3109%2F1061186X.2013.829075&coi=1%3ACAS%3A528%3ADC%252BC3sXhsFynsLfO&citationId=p_n_53_1
http://pubs.acs.org/action/showLinks?pmid=15573101&crossref=10.1038%2Fnrd1576&coi=1%3ACAS%3A528%3ADC%252BD2cXhtVarsL3P&citationId=p_n_29_1
http://pubs.acs.org/action/showLinks?pmid=21997771&crossref=10.1007%2Fs10096-011-1435-3&coi=1%3ACAS%3A528%3ADC%252BC38XmvVKht7k%253D&citationId=p_n_61_1
http://pubs.acs.org/action/showLinks?pmid=21344115&crossref=10.1039%2Fc0cs00153h&coi=1%3ACAS%3A528%3ADC%252BC3MXkvVWju74%253D&citationId=p_n_37_1
http://pubs.acs.org/action/showLinks?pmid=18381718&crossref=10.1002%2Fchem.200701650&coi=1%3ACAS%3A528%3ADC%252BD1cXmsVertbY%253D&citationId=p_n_45_1
http://pubs.acs.org/action/showLinks?pmid=21997771&crossref=10.1007%2Fs10096-011-1435-3&coi=1%3ACAS%3A528%3ADC%252BC38XmvVKht7k%253D&citationId=p_n_61_1
http://pubs.acs.org/action/showLinks?pmid=25393728&crossref=10.1002%2Fadma.201402975&coi=1%3ACAS%3A528%3ADC%252BC2cXhvFWnsLfE&citationId=p_n_39_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fbm060361s&coi=1%3ACAS%3A528%3ADC%252BD28Xot1Kgtb4%253D&citationId=p_n_47_1
http://pubs.acs.org/action/showLinks?pmid=20648499&crossref=10.1002%2Fanie.200902672&coi=1%3ACAS%3A528%3ADC%252BC3cXhtVOqtLbN&citationId=p_n_55_1
http://pubs.acs.org/action/showLinks?pmid=25393728&crossref=10.1002%2Fadma.201402975&coi=1%3ACAS%3A528%3ADC%252BC2cXhvFWnsLfE&citationId=p_n_39_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fbm060361s&coi=1%3ACAS%3A528%3ADC%252BD28Xot1Kgtb4%253D&citationId=p_n_47_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fbc5000719&coi=1%3ACAS%3A528%3ADC%252BC2cXntlKnsb0%253D&citationId=p_n_49_1
http://pubs.acs.org/action/showLinks?pmid=26360641&crossref=10.1039%2FC5CC06087G&coi=1%3ACAS%3A528%3ADC%252BC2MXhsVaisLvP&citationId=p_n_57_1
http://pubs.acs.org/action/showLinks?pmid=12026112&coi=1%3ACAS%3A528%3ADC%252BD38XksFykt70%253D&citationId=p_n_59_1
http://pubs.acs.org/action/showLinks?pmid=23673149&crossref=10.1016%2Fj.addr.2013.05.001&coi=1%3ACAS%3A528%3ADC%252BC3sXot1Cit7o%253D&citationId=p_n_30_1
http://pubs.acs.org/action/showLinks?pmid=23673149&crossref=10.1016%2Fj.addr.2013.05.001&coi=1%3ACAS%3A528%3ADC%252BC3sXot1Cit7o%253D&citationId=p_n_30_1
http://pubs.acs.org/action/showLinks?pmid=23108978&crossref=10.1002%2Fchem.201202845&coi=1%3ACAS%3A528%3ADC%252BC38XhsFyjsrrN&citationId=p_n_40_1
http://pubs.acs.org/action/showLinks?pmid=25423355&crossref=10.1039%2FC4CS00327F&coi=1%3ACAS%3A528%3ADC%252BC2cXhvF2kur3E&citationId=p_n_32_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fnn700191f&coi=1%3ACAS%3A528%3ADC%252BD1cXmtlemsg%253D%253D&citationId=p_n_50_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.micromeso.2013.07.017&coi=1%3ACAS%3A528%3ADC%252BC3sXhsV2murnL&citationId=p_n_26_1
http://pubs.acs.org/action/showLinks?pmid=20111774&crossref=10.1039%2FB816354P&coi=1%3ACAS%3A528%3ADC%252BC3cXht1WltLo%253D&citationId=p_n_34_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja00166a021&coi=1%3ACAS%3A528%3ADyaK3cXitFOns78%253D&citationId=p_n_42_1
http://pubs.acs.org/action/showLinks?pmid=10773495&crossref=10.1016%2FS0924-8579%2800%2900131-X&coi=1%3ACAS%3A528%3ADC%252BD3cXisFGntrg%253D&citationId=p_n_60_1
http://pubs.acs.org/action/showLinks?pmid=21910191&crossref=10.1002%2Fanie.201103164&coi=1%3ACAS%3A528%3ADC%252BC3MXhtFCnt7zO&citationId=p_n_36_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fanie.199100781&citationId=p_n_44_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp1083357&citationId=p_n_52_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcr500081p&coi=1%3ACAS%3A528%3ADC%252BC2cXhsFyrsLnP&citationId=p_n_28_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fic50004a011&coi=1%3ACAS%3A528%3ADyaF3sXhsV2n&citationId=p_n_46_1
http://pubs.acs.org/action/showLinks?pmid=24872703&coi=1%3ACAS%3A528%3ADC%252BC2cXhs1ynt7rE&citationId=p_n_54_1
http://pubs.acs.org/action/showLinks?pmid=20580208&crossref=10.1016%2Fj.ijantimicag.2010.05.006&coi=1%3ACAS%3A528%3ADC%252BC3cXptVSrsLY%253D&citationId=p_n_62_1
http://pubs.acs.org/action/showLinks?pmid=19421567&crossref=10.1039%2Fb705458k&coi=1%3ACAS%3A528%3ADC%252BD1MXjsFajurY%253D&citationId=p_n_38_1
http://pubs.acs.org/action/showLinks?pmid=28808526&crossref=10.1039%2FC5SC02769A&coi=1%3ACAS%3A528%3ADC%252BC2MXhsl2gtLzP&citationId=p_n_56_1
http://pubs.acs.org/action/showLinks?pmid=8782594&crossref=10.1016%2FS0076-6879%2896%2968030-6&coi=1%3ACAS%3A528%3ADyaK28XlvFeis74%253D&citationId=p_n_48_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facsmacrolett.8b00190&coi=1%3ACAS%3A528%3ADC%252BC1cXovVSjurg%253D&citationId=p_n_58_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0032-9592%2803%2900258-9&coi=1%3ACAS%3A528%3ADC%252BD2cXjtl2lurg%253D&citationId=p_n_31_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0032-9592%2803%2900258-9&coi=1%3ACAS%3A528%3ADC%252BD2cXjtl2lurg%253D&citationId=p_n_31_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcr970027%2B&coi=1%3ACAS%3A528%3ADC%252BD28XhsVOmt7s%253D&citationId=p_n_33_1
http://pubs.acs.org/action/showLinks?pmid=23894118&crossref=10.1002%2Fasia.201300543&coi=1%3ACAS%3A528%3ADC%252BC3sXhtFOhtL%252FO&citationId=p_n_41_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fmabi.200300052&coi=1%3ACAS%3A528%3ADC%252BD2cXjvVOitw%253D%253D&citationId=p_n_43_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fbm0701088&coi=1%3ACAS%3A528%3ADC%252BD2sXlsVSgtL8%253D&citationId=p_n_51_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcr970022c&coi=1%3ACAS%3A528%3ADyaK1cXksV2itrw%253D&citationId=p_n_27_1
http://pubs.acs.org/action/showLinks?pmid=27219709&crossref=10.1038%2Fnchem.2513&coi=1%3ACAS%3A528%3ADC%252BC28XnslWqt7Y%253D&citationId=p_n_35_1


 

 

 

8

Table of Contents 

 

Page 8 of 8

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

http://pubs.acs.org/action/showImage?doi=10.1021/jacs.8b07661&iName=master.img-104.jpg&w=232&h=78
http://pubs.acs.org/action/showImage?doi=10.1021/jacs.8b07661&iName=master.img-104.jpg&w=232&h=78

