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Rapid kill assessment of an N-arylated NH125
analogue against drug-resistant microorganisms†
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While a number of disinfection techniques are employed in healthcare units, the eradication of drug-

resistant microorganisms remains a challenge. We recently reported N-arylated NH125 analogue 1, which

demonstrated potent biofilm eradication and antibacterial activities against a panel of drug-resistant patho-

gens. The broad-spectrum activities observed for 1 along with its rapid eradication of MRSA persister cells

suggested that this agent, and related analogues, can serve as disinfectants for antibiotic resistant patho-

gens in healthcare settings. Here, we report the rapid bactericidal activities of 1 against a panel of exponen-

tially-growing, drug-resistant pathogens. Against MRSA, MRSE, VRE and MDR A. baumannii, 1 eradicated

bacterial cells after five minutes when tested at 50 μM (3- to 6-log reduction of CFU per mL). We

highlighted the rapid killing activities by demonstrating that 1 eradicates 99.99% of viable MRSA 1707 cells

in one minute (50 μM, 4-log reduction of CFU per mL). In addition, 1 rapidly eradicated fungal pathogen C.

neoformans in kill kinetic experiments. A solution of 1 demonstrated similar shelf stability to known disin-

fectant BAC-16 when tested up to 111 days after being stored. Collectively, our data highlights the potential

of 1 to be used as a disinfecting agent to prevent healthcare-associated, drug-resistant infections.

Introduction

Healthcare facilities are designed to be safe places for individ-
uals in need of treatment and healing. Contaminated surfaces
within hospital settings contribute to the transmission of
healthcare-associated pathogens, including drug-resistant
microorganisms.1–9 With the continuing rise of microbial re-
sistance, we face significant challenges regarding the preven-
tion and eradication of infectious agents.2–4,6,10 Bacterial
pathogens such as Staphylococcus aureus, Staphylococcus epi-
dermidis, Acinetobacter baumannii and Enterococcus are notori-
ous for antibiotic resistance and long survival times (up to
months), increasing the risk of acquiring infections due to
contamination in healthcare facilities.11–13 It is estimated that
2 million patients are affected by healthcare-associated infec-
tions, resulting in 100000 deaths each year.14

Biofilms are surface-attached bacterial communities em-
bedded within an extracellular matrix of biomolecules that
house metabolically-dormant persister cells.15–17 Over the
past several decades, biofilms have been recognized as a sig-
nificant source of bacterial infection in hospitals as they are
able to persist on surfaces for extended periods of time. In

fact, S. aureus and S. epidermidis biofilms are the primary
source of medical device-related infections.14 In addition,
bacterial biofilms formed by multidrug resistant Gram-
negative pathogens have become a widespread problem in
healthcare facilities.14,18 Without question, there is a consid-
erable need for new and effective disinfectant agents to rap-
idly eradicate drug-resistant bacteria.

We recently reported N-arylated NH125 analogue 1 as a
broad spectrum antibacterial agent that demonstrates
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Fig. 1 Reported chemical synthesis and antibacterial activities of
N-arylated NH125 analogue 1.
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potent biofilm-eradicating activities and kills methicillin-
resistant S. aureus (MRSA) persister cells in stationary cul-
tures (Fig. 1).19,20 We found that 1 elicits antibacterial activi-
ties through membrane lysis, which is a result of its polar
head group (charged, imidazole) and long aliphatic tail.
These structural features allow 1 to penetrate and disrupt
the amphipathic nature of lipid bilayers, leading to cell lysis
and bacterial death. Interestingly, the amphipathic struc-
tural features of 1 correspond to quaternary ammonium cat-
ions (QACs)21–23 agents, which are utilized in multiple appli-
cations to eradicate microorganisms. Additionally, we
reported that 1 can be readily synthesized in two steps from
2-methylimidazole via 1.) copperĲI)-catalyzed C–N coupling
with iodobenzene (47% yield), and 2.) SN2 reaction involving
the resulting N-phenylimidazole with 1-bromohexadecane
(85% yield of 1, multigram scale; Fig. 1).19,20

Due to the significant antibacterial activities that 1 dem-
onstrates against drug-resistant pathogens, we felt this com-
pound could serve as an outstanding disinfectant for clinical
settings. However, our previous kinetic kill experiments were
carried out solely against stationary MRSA cultures and re-
quired extended exposure times (e.g., 30 to 90 minutes).19,20

In these studies, we assessed the rapid kill potential of 1

against a panel of exponentially-growing, drug-resistant path-
ogens. To do this, we subjected various microbial pathogens
to 1 for short time exposures (e.g., 1 to 10 minutes), then de-
termined kill efficacy via colony count assessment by compar-
ing treated versus untreated (vehicle control only) cultures.
Our experimental results are reported in colony forming units
(CFU) per milliliter (mL).

Results and discussion

We started these investigations with MRSA 1707 due to the
clinical importance of this Gram-positive human pathogen in
healthcare-associated infections.11 In kill kinetic experiments
against exponentially-growing cultures, we found 1 to rapidly
kill MRSA 1707 cells after 1 minute at 50 μM (4-log reduction
of CFU per mL, 99.99% kill; Fig. 2A). Similar results were ob-
served with 1 following a 3 minute treatment of MRSA 1707
cultures; however, after 5 and 10 minutes of exposure to 1,
we observed a complete eradication of MRSA 1707 cultures
(no viable bacterial colonies were found at either time
point; >6-log reduction in CFU per mL). We tested benzyldi-
methylhexadecyl ammonium chloride (BAC-16), a quaternary
ammonium cation disinfectant, as a comparator in these

Fig. 2 Kill kinetic profiles of 1 against exponentially-growing bacteria, including: A) MRSA 1707, B) MRSE 35984, C) VRE 700221 and D) MDR A.
baumannii 1794.
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experiments which demonstrated the same rapid kill kinetic
profile as 1.

We then investigated the killing kinetics of 1 against
exponentially-growing cultures of methicillin-resistant S. epi-
dermidis (MRSE 35984). S. epidermidis is a major human
pathogen and constitutes ∼80% of biofilms involved in
material-associated infections.14 Therefore, it is important for
disinfectants to demonstrate rapid killing activity profiles
against S. epidermidis, especially drug-resistant strains. In kill
curve experiments against MRSE 35984 cultures, compound 1
demonstrated total eradication to MRSE after 5 and 10
minutes when tested at 50 μM (∼6-log reduction of viable
MRSE cells, ∼99.9999% kill; Fig. 2B).

Another Gram-positive pathogen important to human
health and involved in healthcare-associated infections is
vancomycin-resistant Enterococcus faecium (VRE). VRE can
survive for extended periods of time in clinical environ-
ments, leading to human infection and resulting economic
burden.11 One study reported that vancomycin-resistant E.
faecium infections significantly increased hospital costs
compared to vancomycin-sensitive E. faecium infections,
suggesting the importance of control measures to prevent
VRE transmission.24 We tested N-arylated NH125 analogue
1 at 50 μM against VRE 700221 cultures and, similar to our
initial MRSA and MRSE findings, observed rapid and com-
plete eradication of VRE 700221 cultures at 5 and 10 mi-
nutes (6-log reduction of viable VRE 700221 cells, 99.9999%
kill; Fig. 2C).

We were also interested in evaluating 1 against the major
Gram-negative human pathogen, A. baumannii. For this as-
sessment, we selected the multi-drug resistant (MDR) strain
A. baumannii 1794, which is resistant to several classes of
conventional antibiotics. Following a 5 minute treatment, 1
eradicated 99.9% of the MDR A. baumannii culture at 50 μM
(3-log reduction in CFU per mL). Complete eradication of A.
baumannii 1794, was observed with 1 after a 10 minute treat-
ment at 50 μM (>6-log reduction of viable cells, >99.9999%
kill). Similar to our findings with the Gram-positive patho-
gens, BAC-16 reported near identical killing profiles.

To expand the scope of these investigations, we tested 1
against the fungal pathogen Cryptococcus neoformans. C.
neoformans infections are rare in healthy adults; however,
this fungal pathogen can cause complications in those with
compromised immune systems (i.e., HIV patients) and can
be acquired in a healthcare setting.25 In kinetic kill experi-
ments, N-arylated NH125 analogue 1 led to complete eradica-
tion of C. neoformans 66031 cells following 5 and 10 minute
treatments at 50 μM (7-log reduction of viable fungal cells;
Fig. 3A). The rapid killing activity profiles against diverse
microorganisms, including both bacterial and fungal human
pathogens, is an outstanding and promising feature
displayed by 1.

Following our initial assessment of 1 against a panel of di-
verse microorganisms at 50 μM, we investigated lower doses
required for rapid killing. We performed kinetic kill experi-
ments of 1 against MRSA 1707 at 5 and 20 μM. Our results

demonstrate that at 20 μM, 1 causes a 3-log reduction of CFU
per mL at 5 minutes (99.9% kill) and 4-log reduction of viable
MRSA 1707 cells after 10 minute treatment (99.99% kill).
However, when 1 was tested at 5 μM, minimal killing was ob-
served at 5 minutes (<1-log) and moderate killing was ob-
served at 10 minutes (1-log reduction of CFU per mL, 90%
kill; Fig. 3B). BAC-16 provided near identical activities com-
pared to 1 when tested at 20 μM; however, reported more
rapid kill than 1 after a 5 minute treatment at 5 μM.

Shelf stability is crucial for the development of new disin-
fectants, we prepared a solution of 1 and BAC-16 (at 50 μM)
in LB media and stored it on a shelf for extended periods of
time. We tested the antibacterial activity of the compound
solutions after 18 and 111 days of storage against MRSA 1707
by determining kill efficacies (in CFU mL−1) following 10 mi-
nutes exposure. After 18 days, both solutions remained active
causing >3-log reduction of activity to MRSA 1707 cultures
(Fig. 3C). On day 111, we compared the activity of a freshly-
prepared solution against the 111 day stock of 1 and BAC-6
against MRSA 1707. We observed a slight reduction in activity
for both solutions compared to fresh solutions of 1 and BAC-
16 (Fig. 3D); however, we observed >99% kill against MRSA
1707. These data suggest that compound 1 and BAC-16 can
be used in similar disinfectant applications against patho-
genic microorganisms.

Despite this focused study with an eye towards the devel-
opment of 1 as a disinfectant against drug-resistant microor-
ganisms, NH125 and related analogues have potential use in
multiple therapeutic applications. Based on previous reports,

Fig. 3 A) Kill kinetics of exponentially-growing C. neoformans 66031.
B) Kill kinetics of exponentially-growing MRSA 1707 treated with vari-
able concentrations of 1 and BAC-16. C) Efficacy of 18 day old solu-
tions of 1 and BAC-16 (50 μM; CFU mL−1 in MRSA cultures after 10 mi-
nutes of exposure to compounds). D) Efficacy of new versus 111 day
old solutions of 1 and BAC-16 (50 μM; CFU mL−1 in MRSA cultures after
10 minutes of exposure to compounds). *P-value <0.01, **P-value
<0.0005. NS: not significant.
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NH125 demonstrates efficacy in a C. elegans (live worm)
model of S. aureus infection,26 in vitro and in vivo antican-
cer27,28 and neuromodulatory activities.29,30 We assessed
mammalian cytotoxicity of 1, NH125 and BAC-16 against
HEK 293 (human embryonic kidney 293) cells in 48 hour
MTT assays and found the half-maximal cytotoxic concentra-
tion (CC50) values to be <1.56, 2.41 and 6.84 μM, respectively
(each of these compounds were completely toxic to HEK 293
cells at 25 μM). Alternative explorations are currently under-
way regarding our novel NH125 analogues20 and will be
reported in due course.

Experimental
Kill kinetics of exponentially-growing bacterial cultures

An overnight culture of MRSA 1707 (ATCC, BAA-1707), S. epi-
dermidis (ATCC, MRSE 35984), E. faecium (VRE 700221) or A.
baumannii (ATCC, 1794) was diluted 1 : 1000 in 2 mL of LB
media in test tubes containing test compounds at the de-
sired, predetermined concentration, or vehicle (DMSO) alone.
The cultures were then incubated at 37 °C with shaking at
250 rpm. At the desired time point (1, 3, 5 & 10 minutes), 100
μL aliquots were removed from the culture tubes, serially di-
luted and plated (LB, 1.5% agar petri dishes). The resulting
petri dishes were then incubated at 37 °C overnight to allow
growing of viable bacterial colonies. Following incubation, vi-
able bacterial colonies were counted on each agar plate to de-
termine colony forming units (CFU) per milliliter (mL). Plates
containing between 30 and 300 colonies were used for analy-
sis. Each experiment was conducted in three replicates from
separate, individual bacterial colonies. Kill curves were plot-
ted using Graphpad Prism 6.0.

Kill kinetics of exponentially-growing fungal cultures

Cryptococcus neoformans was purchased from ATCC (66031).
C. neoformans first streaked onto YPD agar medium and in-
cubated at 37 °C for two days. Single colonies were then in-
oculated into 3 mL of YPD liquid medium and cultured at
37 °C, 250 rpm overnight. Subsequently, the overnight cul-
tures were diluted in fresh YPD medium, and test com-
pounds dissolved in DMSO were added at a final concentra-
tion of 50 μM and the same volume of DMSO was used as
control. After mixing well, the cultures were continuously
incubated at 37 °C, 250 rpm. At different time points, ali-
quots were taken, diluted in fresh YPD medium, and plated
on YPD agar medium. The plates were incubated at 37 °C
and the number of colonies were recorded after one or two
days. Each experiment was conducted in triplicate. Colony
forming units (CFU) per milliliter data was plotted using
Graphpad Prism 6.0.

Cytotoxicity assessment against HEK 293 cells

MTT assay was performed to determine compound cytotoxic-
ity using human embryonic kidney 293 (HEK 293) cells. HEK
293 cells (104 cells in 100 μL) were seeded onto a 96-well

plate containing DMEM supplemented with 10% FBS, 100 U
mL−1 penicillin and streptomycin. The plate was then incu-
bated at 37 °C in a humidified incubator under 5% CO2 over-
night. The HEK 293 cells were then treated with serial con-
centrations of 1, NH125 and BAC-16 at 0, 1.56, 3.125, 6.25,
12.5, 25, 50, 100 and 200 μM. After further incubation at 37
°C for 48 hours, 10 μL of MTT (5 mg mL−1) in PBS was added
to each well and incubated for 3 hours, followed by the aspi-
ration of the medium. Dimethyl sulfoxide (DMSO, 100 μL)
was added to each well to dissolve the MTT and the plate was
agitated for 30 minutes. After this time, the optical density
(OD) was measured at 570 nm using a UV/vis microplate
spectrophotometer (BioTek). Six replications were performed
per treatment and the percent kill was calculated as (1 − test
OD570/non-treated OD570) × 100%. Data were analyzed by OR-
IGIN 8.0. From these experiments, the cytotoxic concentra-
tion 50 (CC50, the concentration found to be half-maximal
toxic to HEK cells) for 1, NH125 and BAC-16 were determined
to be <1.56, 2.41 and 6.84 μM, respectively. Note: HEK 293
cells were purchased from ATCC.

Conclusions

In conclusion, this study highlights the rapid killing profile of
1 against a range of exponentially-growing microbial patho-
gens. Impressively, 1 completely eradicated MRSA 1707, MRSE
35984, VRE 700221 and C. neoformans 66301 after 5 minutes
and MDR A. baumannii 1794 after 10 minutes (6-log reduction
to no detectable viable microbial cells). In addition, 1
displayed similar stability patterns to known disinfectant BAC-
16. The rapid-killing activity displayed by 1 suggests that this
microbicidal agent could be utilized as an effective disinfec-
tant to eradicate human pathogens in healthcare settings.
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