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ABSTRACT

The emergence of infectious diseases caused bypgmilt bacteria is widespread.
Therefore, it is urgently required to enhance teeetbpment of novel antimicrobial
agents with high antibacterial activity and lowatgixicity. A series of novel dialkyl
cationic amphiphiles bearing two identical lengipophilic alkyl chains and one
non-peptidic amide bond were synthesized and te&iedantimicrobial activities
against both Gram-positive and Gram-negative bactdParticular compounds
synthesized showed excellent antibacterial actitityyard drug-sensitive bacteria
such asS aureus, E. faecalis, E. coli and S enterica, and clinical isolates of
drug-resistant species such as methicillin-resiSaaureus (MRSA), KPC-producing
and NDM-1-producing carbapenem-resistant Enterebiacieae (CRE). For example,
the MIC values of the best compousglranged from 0.5 to gg/mL against all these
strains. Moreover, these small molecules acteddmams bactericidal agents, and
functioned primarily by permeabilization and depaation of bacterial membranes.
Importantly, these compounds were difficult to indubacterial resistance and can
potentially combat drug-resistant bacteria. Thiesé compounds can be developed
into a new class of antibacterial peptide mimicsaiagt Gram-positive and

Gram-negative bacteria, including drug-resistactdraal strains.

Keywords: Antimicrobial; dialkyl cationic amphiphiles; nonqpidic amide bonds;



drug-resistant; permeabilization; depolarization
1. Introduction

Antimicrobials are probably one of the most suctgederms of chemotherapy
in the history of medicine. These compounds havedanany lives and contributed
significantly to the control of infectious disea$&k However, prevailing bacterial
resistance to antibiotics combined with stagnanibentic discovery has created an
urgent need for the development of new antimiclolaigents that exert novel
mechanisms of action.[2, 3]

Because of the widespread use and misuse of antiomd agents, the
multidrug-resistance of bacteria has become a sdheeat to public health.[4] There
are many pathogenic bacteria that evade antibjatm®bly the “ESKAPE” bacteria:
E. faecium, S. aureus, K. pneumoniae, A. baumanii, P. aeruginosa and Enterobacter
species.[5] Since MRSA was first reported[6] in ##50s,t has gradually become
the most commonly identified drug-resistant baeateworldwide.[7] Quaternary
ammonium compounds (QACs) were widely used to estéi bacteria, but the
presence oflac genes in MRSA led to the emergence of QACs registf+12] The
carbapenem-resistant strains are also very protiem&uch as New Delhi
metallof-lactamase 1 (NDM-1) producing isolates, which hrghly resistant to
nearly all antibiotics, except colistin and tigelaye.[13] And KPC-2 carbapenemase
producing isolates were also exhibited resistamcallt p-lactam agents and other
antimicrobials.[14] Although the number of bacteshowing antibiotic resistance
grows, between 1983 and 2012 the number of newemystantibacterial agents
approved by the US Food and Drug Administrationtiooied to decrease.[15] Thus,
there is an urgent need to develop novel antibat#gents against such bacteria.

Antimicrobial peptides (AMPs) have received subs&mattention in recent
years owing to their membrane targeting mechankmwad-spectrum activities and
minimum cytotoxicity.[16-19] AMPs display a divergange of primary peptide
sequences and secondary structures. Additional§P# have two characteristics: a
large number of cationic residues and hydrophobimains.[20]Several AMPs are

currently being validated in preclinical and clialicsettings for the treatment of



infections caused by antimicrobial-resistant baatg@1] However, AMPs have some
disadvantages, including in vivo toxicity, proteasstability and high manufacturing

costs.[20]Therefore, a variety of structurally diverse symthemembrane-active

compounds have also been developed as an alterriatantibacterial peptides, such
as peptidomimetics[22]oligomers[23], antimicrobial polymers (e.g., caton

derivatives of polymethacrylate[24, 25], polyaryide]{26] and polystyrene[27]),

cationic amphiphiles[28, 29] arfid2,2-amino acid derivatives[30].

Several small amphiphilic molecules based on nhktpraduct skeletons of
xanthone[31, 32] and binaphthyl[33] with potent ilaatterial and antibiofilm
activities have been developed.[34-39] Additionadignphiphilic derivatives based on
approved antibiotics such as vancomycin[40-42] &adamycin B[43],[44]were
reported to have potent antimicrobial activity. fédheare already many synthetic
antibacterial peptidomimetics currently undergoigbnical trials, such as the
membrane-disrupting compound LTX 109[45] (Fig.thg cationic steroid compound
CSA-13[46] (Fig. 1) and the novel peptide mimetiddeidin[47] (Fig. 1). These
synthetic analogues, possessing excellent antibiadractivity and high selectivity,
were relatively facile and inexpensivefceparein large quantities. The diversity of

structures of these molecules requires furtherceapbn.[26]

LTX 109

Brilacidin

Fig. 1. Structures of some representative AMPs.
During the course of our recent investigations rew structures with good
biological activity,[48, 49] we disclosed severatdérocyclic derivatives with good

antimicrobial activity.[50-52] Inspired by thesecd#ing results, we further showed



through preliminary results the broad antibacteaativity of small amphiphilic
molecules[29, 39] against several important drigistant strains.

Recently, a series of small molecular cationic coamuls with membrane-active
and selective broad-spectrum activity were desig@retisynthesized. The preparation
of these new antibacterial amphiphiles was thraugleffective and reliable synthetic
method. The final compounds were obtained by twahoee step processes.[35]
Moreover, these compounds possessed several poshisrges, had two lipophilic
alkyl chains and one nonpeptidic amide bond, asglayed good solubility in water.
Herein, we reported the activity of these compouagiinst drug-sensitive bacteria,
including S. aureus, E. coli, E. faecalis and S enterica, and drug-resistant bacteria
such as methicillin-resistar. aureus (without of gac genes), NDM-1-producing
Enterobacteriaceae (NDM) and carbapenemase-produciig pneumoniae (KPC).
The bactericidal kinetics and the propensity oftbaa to develop resistance against
these compounds were studied. The mechanism oihaatithe compounds to disrupt
bacterial biofiims was investigated. Additionallgtability and activity of these
molecules in complex mammalian fluids such as ptasarum and whole blood were
evaluated to understand the optimal conditions #mdtanced the potency of these
small molecules. The toxicity of the compounds waglied using HelLa cells and
mammalian red blood cells. Interestingly, usingofescence and electron scanning
spectroscopy, these amphiphilic compounds did eed ko cell death at the minimal

inhibitory concentration.
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Scheme 2Synthesis of dialkyl cationic amphiphile&at-44).

2. Results and discussion
2.1. Synthesis and characterization

The moleculesAa—4u were synthesized only in three steps using amases
starting materials (Schemes 1 and 2). To assessnihartance of the amphiphilic
balance, the length of the lipophilic alkyl chamas varied from two to 11. To further
fine-tune the structure-activity relationship oktlhompounds, hydrophilic moieties
(amino acids) and the configuration of the aminidsevere also varied on these lipid
frameworks. To synthesize these compounds, theuwaintermediate2a, 2e—2j[39]
2b,[53] 2c and 2d[54] were prepared by known method$ie general syntheses of
N,N-dialkylamines {e 1g and 1li; Scheme 1) were accomplisheay a
conventional procedure[55] and oth&tN-dialkylamines were commercial

available.Key amide coupling compound8a~3u Scheme2) were synthesized



using N-Boc-protected amino acids ahd-1i Finally, target compoundsig—4u
Scheme Pwere obtained individually frorBa—3uwith acetyl chloride in methanol.
The products were obtained without further chromitphy purification in high yield.
All final compounds were characterized Y NMR, **C NMR and HRMS. Finally,
21 dialkyl cationic small molecules were synthedizgsing different lipophilic
secondary amines with the same alkyl chain and dififerent amino acids.

2.2. Antibacterial activity

The antibacterial efficacy of these compounds wasrchined in suitable culture
medium and expressed as the minimum inhibitory eotration (MIC) (Table 1). The
glycopeptide antibiotic vancomycin and dactam antibiotic meropenem were also
used to compare the MIC results with our compoufitiese compounds displayed
preferable antibacterial potency against a widectspen of drug-sensitive bacteria
such asS aureus, E. coli, E. faecalis andS enterica, and drug-resistant bacteria such
as methicillin-resistanS. aureus (MRSA), NDM-1-producingEnterobacteriaceae
and carbapenemase-produciagoneumoniae.

In general, the compounde—4m 40, 4q and 4u showed good activities that
were comparable to vancomycin against all the Ibactested, and these cationic
small molecules were found to be more active tow@rdm-positive bacteria than
Gram-negative bacteria. The range of MIC valueghersmall moleculegté—4m 40,
4q and4u) were 0.5-81g/mL against Gram-positive drug-sensitive and degjstant
bacteria, whereas the range of MIC values was gl for Gram-negative
bacteria. The MICs of compounds—-4m 40, 4q and4u were comparable to MSI-78
(an AMP currently undergoing phase 1l clinicabtd as a topical antibiotic).[56, 57]
The amphiphilic balance of the small molecules waaluated by ClogP and was
found to correlate very well with their antibacéractivity. The ClogP values of
these compounds ranged from 0.96 to 9.48 (Tabl@Hg. antibacterial activity was
good when the ClogP values ranged between 5 aRdr8&xample, the span of MIC
values for the compoundim and 4o were 2-32ug/mL and their ClogP value was
6.62. In contrast, the range of MIC values for rooles4n and 4p were 8-128

ug/mL and even >12&g/mL, and their ClogP value was 8.73. Additionalllge



configuration of the amino acid showed negligilsiBuence to the biological activity.
4m and4o with L-serine had similar activity compared witiat of 4n and4p with
D-serine residues, which is consistent with literaf37]

Table 1.MIC and hemolytic activity (HG) of small molecules.

MIC pg/mL ClogP HCso
Drug-sensitive bacteria Drug-resistant bacferia (ng/mL)
compd | S aureus E. E. coli S MRSA | KPC | NDM
faecalis enterica
4a >128 >128 >128 >128 b. b b 0.96 >1000
4b >128 128 >128 128 b, b b 2.07 743
4c 128 128 128 128 b. b b 3.13 576
4d 64 64 64 64 b, b & 4.19 496
4e 8 8 8 16 4 16 16 5.25 434
af 2 2 4 0.5 1 4 6.31 225
4q 1 1 2 2 0.5 2 7.36 133
4h 4 2 2 2 2 4 8.42 98
4i 4 2 16 8 4 8 32 9.48 89
4j 1 2 2 8 0.5 4 4.89 124
4k 1 2 2 4 2 4 5.95 119
4l 2 2 8 4 2 4 7.01 87
4m 4 2 8 8 2 32 16 6.62 >1000
4n 8 8 >128 >128 16 b, b 8.73 >1000
40 4 4 8 8 4 32 16 6.62 367
4p 16 32 >128 >128 32 b. b 8.73 >1000
4q 4 8 4 32 4 16 64 7.57 306
ar 2 64 >128 4 b. b 8.02 >1000
4s 4 >128 >128 4 b b 8.02 293
4t 8 128 >128 >128 32 b. b 8.98 >1000
4u 4 8 16 64 8 64 64 6.92 268
VAN c 2 b b b b b b b b
MEMd _b b <0.125 b b b b b b
MSI-78 8-16 64 16-32 b 16-32 b b b 120

®MRSA (methicillin-resistant S. aureus), KPC (carbapenemase-producindC. pneumoniae), NDM-1
(NDM-1-producing Enterobacteriaceae), "not determined VAN (vancomycin), "MEM (meropenem)ClogP
(calculated with ChemBioDraw softwardjterature values[57Fliterature values[58].
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Fig. 2. MICs of cationic small molecules: (ajth varying alkyl chain lengthsté—4j);
(b) with different amino acids4{, 4j, 4m, 40 and4g-4u). The black star represents
MIC >128ug/mL.

The length of the alkyl chain of compounda—i (Fig. 29 was extremely
important to their antibacterial activity. The MI@gre good when the lipophilic
chain was @His, CgHi7 and GHie. This is consistent with reported results.[37, 39]
Therefore, the antibacterial activity of these comnpds was affected strongly by the
length of the alkyl chain.

The kinds of amino acids attached to the compotadisan important influence
on antibacterial activity. For example, compouids 4, 4m, 40, 4g-4y, Fig. 2
with the samdipophilic moieties and different hydrophilic amiraxids displayed
significant differences in their antibacterial &ityi. Compoundsgir, 4sand4t showed
no activity toward Gram-negative bacteria, but mole 4r had good MICs against
Gram-positive bacteria (Rg/mL againstS aureus, 2 pg/mL againstE. faecalis),
which was comparable to vancomycin activity (@mL againstS. aureus) against
Gram-positive bacteria. Compound also had similar selectivity, and this is thetfirs
report on small cationic antimicrobial peptideshwén L-leucine residue4(). The
antimicrobial activity of compoundér, 4s and4t was reduced when the amino acid
residues were L-leucine, L-isoleucine, or L-pheflanme. The structure-activity
relationship studies of this series of dialkylamoeaionic small molecules revealed
that an amphiphilic structure was critical for kdespectrum activity, especially
against Gram-negative bacteria.

Table 2.MIC of small molecules against drug-resistant MRSA.

compoun: MRSA




M-1 M2 M3 M4 M5 M-6 M-7 M-8 M-9 M-10
4e 8 16 16 16 8 4 4 8 4 4
4f 1 1 1 1 1 0.5 0.5 1 1 0.5
49 1 1 1 2 1 1 1 1 1 0.5
4h 1 1 2 2 2 1 1 1 1 1
4i 2 1 2 2 4 4 4 4 4 4
4j 1 1 0.5 1 1 0.5 0.5 1 1 0.5
4k 2 1 1 1 2 2 2 2 2 2
4] 2 1 2 2 2 2 2 2 2 2
4m 4 4 4 4 4 4 2 4 4 2
4n 16 4 4 4 16 8 8 16 16 16
40 4 4 4 4 4 4 4 4 4 4
4p 32 32 32 32 32 32 32 32 32 32
4q 4 4 4 4 4 4 4 4 4
ar 4 2 2 2 4 4 4 4 4 4
4s 4 4 4 4 4 4 4 4 4 4
4t 32 16 16 16 32 32 16 32 32 32
4u 8 4 4 4 8 8 8 8 8 8

The antibacterial activity (Table 2) of selected aimmolecules against
drug-resistant MRSA (10 clinical isolated straingas further investigated. All
selected molecules had good MIC values. Among tAecdmpounds in this
experiment,4j was most effective. In addition, this series ofaincationic
amphiphiles were extremely active against MRSA Wiics of ~0.5—-4ug/mL. The
MIC of 4j (0.5-1pg/mL) was comparable to vancomycin (@@mL)[39] and better
than MSI-78 (16—-329/mL)[57] (Table 1).

Table 3.MIC of small molecules against drug-resistant hat€PC.

Compound KPC

K-1 K-2 K-3 K-4 K-5 K-6 K-7 K-8 K9 K-10
de 16 16 16 16 16 16 16 16 16 16
Af 2 2 2 2 2 2 2 1 2 2
4q 2 2 2 2 2 2 2 2 2 2
4h 4 4 4 4 4 4 4 2 4 4
4i 32 16 16 8 32 32 32 8 32 32
4 8 4 4 4 8 8 8 4 8 4
4k 4 4 4 2 4 4 4 4 4 4
4] 4 4 4 4 4 4 4 4 4 4
4m 32 32 32 32 32 32 32 32 32 32
40 32 32 32 32 32 32 32 32 32 32
4q 16 16 16 32 32 32 32 16 16 16

4u 64 64 64 64 64 64 64 64 64 64




The antibacterial activity (Table 3) of small maléxs against KPC (10 clinical
isolated strains) was tested. The MICs of thesepoamds ranged from 1-6d&y/mL.
The MIC of the most effective compounds-4h and 4j—4| were 2—-8ug/mL. Most
importantly, compound#tf—4h and 4j-4|l were even better than MSI-78 (8-16

ug/mL).
Table 4.MIC of small molecules against drug-resistant héatdDM-1.
NDM-1
Compound
N-1 N2 N-3 N4 N5 N-6 N-7 N-8 N9 N-10

4e 32 32 32 32 16 16 32 32 16 16
4f 8 8 8 8 4 4 8 8 8 8
49 2 2 2 2 2 2 2 2 4 4
4h 4 4 4 4 4 4 4 4 4 4
4 32 32 32 32 32 32 16 16 32 32
4j 8 8 8 8 4 4 4 4 8 8
4k 4 4 4 4 4 4 2 2 4 4
4l 4 4 4 4 4 4 4 4 8 8
4am 32 32 16 16 16 16 32 32 32 32
40 32 16 16 16 16 16 32 32 16 16
4q 64 64 64 64 64 64 64 64 64 64
4u >64 >64 64 64 64 >64 >64 >64 >64 >64

Moreover, the antibacterial activity (Table 4) afal molecules against NDM-1
(10 strains) was investigated. The MICs ranged fébmo 64ug/mL and even >64
ug/mL. The MIC of the most effective compourtis4h and4j—4| were 2—8.g/mL.

From the MIC values (Tables 1-4), compoudds4h and 4j—4l not only had
potent activity against both drug-sensitive baeteand drug-resistant bacteria, but
also had comparative activity against both Gramtpesand Gram-negative bacteria.
Furthermore, the antibacterial activities of compasi4f—4h and 4j—41 were better
than the corresponding activity of MSI-78. Composidd—4h and 4j—41 showed
broad-spectrum antibacterial activity, whereas othelecules had better activities
against Gram-positive bacteria than against Gragatinee bacteria. The structures of
molecules4f—4h and 4j—4l have two alkyl chains (-5, -CgH17, -CoH1g) with an
L-lysine or L-arginine residue. The ClogP valuesaofiphiphiles4f—4h and 4j—4l
ranged between 5 and 8.4. The optimum amphiphjilitiay be an essential element

to achieve the maximum antibacterial activity aéga amphiphilic small molecules.



Noteworthy, compoundgdr and 4s had selective antibacterial activity against

Gram-positive bacteria.
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Fig. 3. 50% hemolysis concentration of cationic small moles: (a)with varying
lipophilic alkyl chain (compoundda—4i); (b) with varying amino acids (compounds
4f, 4j, 4m, 40and4qg-4u). The black star represents >1Q@@mL.
2.3. Hemolytic activity

The hemolytic activity of the cationic small molézsda—4uwas represented as
their HGpvalues. The ability of compounds to lyse red bloells (RBCs) was the
toxicity evaluation of compounds toward mammaliatisc HGvalues of the small
molecules ranged between 87 and >10Q0nL (Table 1). In general, Hgvalues of
the cationic small molecules—4iwith different lipophilic alkyl chains were found t
increase as the alkyl chain length increased @ay. For example, the Hgvalues of
compounds4a—4i were >1000, 743, 576, 496, 434, 225, 133, 98 &hqBmL,
respectively. To our delight, compoundla—4i showed minimal toxicity toward red
blood cells. On the other hand, the hemolytic agtiof compoundsif, 4j, 4m, 40
and4g—4u with different amino acids and the same alkyl oHangth were found to
vary considerably (Fig. 3b). For example, theskizalues of compoundém, 4r and
4t were >1000ug/mL, whereas compoundd, 4j, 40, 4q, 4r, 4s and 4u ranged
between 124 and 36@dg/mL. However, compoundlg, one of the most potent
molecules, had an Hgvalue of 133ug/mL, giving good selectivity (S = HGMIC)
againstS. aureus (133) andE. coli (66.5) respectively (Table 1). Compou#d had

excellent selective antibacterial activity (MIC su@/mL against botls. aureus andE.



coli) against Gram-positive bacteria and low hemolgtitivity (HCso >1000ug/mL).
The hemolytic toxicity study revealed that thesenpounds had minimal toxicity
toward mammalian red blood cells and the aboveltesuicate that the activity of

these compounds was selective toward bacteria.
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small molecules: (a) antibacterial efficacy of campds4f, 49, 4h, 4j, 4k and 4l
againstS. aureus after preincubating in 50% plasma for differentipés of time (0, 3
and 6 h); (b) minimum bactericidal concentratioMB8Cs) of 4f, 4, 4h, 4j, 4k and4l
in 50% serum, 50% plasma and 50% blood against MRSA
2.4. Plasma stability

Protease degradation is a major disadvantage ofatantibacterial peptides,
which results in reduced antibacterial activity thiese peptides in mammalian
fluids®® To determine the stability of the dialkylamine iocatc amphiphilic
molecules under plasma conditions, antibacterfadaafy of compoundgf, 4g, 4h, 4j,
4k and4l againstS aureus after preincubating in 50% plasma for differentipes of
time (0, 3 and 6 h) was evaluated. The MBC valdesompoundsif, 4g, 4h, 4, 4k
and4l increased from 4 or 8g/mL (100% media) to 16g/mL (50% plasma) after O,
3 and 6 h treatment (Fig. 4a). The above resullisate that compoundt, 4g, 4h, 4j,
4k and 4l lost only a small amount of antibacterial efficagyon pretreatment in
plasma.
2.5. Antibacterial activity in complex mammalian fluids

The loss of antibacterial activity of the compoumaghe presence of complex



mammalian fluids was another serious concern. Awotdrial activity of compounds
4f, 4qg, 4h, 4j, 4k and4l was investigated by determining the minimum bacittal
concentration (MBC) in 50% serum, 50% plasma arfb Blood supplemented with
50% MHB against MRSA. The compoundis 4g, 4h, 4j, 4k and4l were found to be
active in 50% serum and 50% plasma, but were noteam 50% blood. The MBC
values of compound4f, 4g, 4h, 4j, 4k and4l increased 1-fold or 2-fold in 50% serum
and 2-fold or 4-fold in 50% plasma, whereas the M&aues increased 8-fold or
16-fold in 50% blood (Fig. 4b). The 2—4-fold incseaof MBC values could be due to
negatively charged proteins and macromoleculesumam serum, plasma, or blood
that tightly bind to the cationic molecules, therabhibiting their activity toward
bacterial membranes. The above results indicatectmpoundsgif, 4g, 4h, 4j, 4k and

41 were active in complex mammalian fluids like seramd plasma, but these

compounds were not able to retain their antibaaitactivity in blood.
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Fig. 5. Time-dependent killing of pathogens by compodgd(a), (c)S. aureus were
grown to early (a) and late (exponential phase, and challenged with compatmd

(at 6x MIC and 8x MIC) and Van (vancomycin); () E. coli were grown to early



(b) and late (dexponential phase, and challenged with compalgt 6x MIC and
8x MIC) and Mox (moxalactam). The control was tneemt with sterile water. Data
are representative of three independent experiments
2.6. Bactericidal time-kill kinetics

The time-kill kinetics of compoundg was performed to determine the rate of
bactericidal action. This investigation was carmed against aureus andE. coli. S
aureus and E. coli were grown to early and late exponential phase cdradlenged
with compound4g (at 6x MIC and 8x MIC), vancomycin § aureus) and
moxalactam E. coli). Compound4g had excellent bactericidal activity agairfst
aureus, showing superior activity to vancomycin in kiljrearly and late exponential
phase populations (Fig. 5a, c). Moreovy killed early exponential phasg aureus
at 0.5 h at 8x MIC and 120 min at 6x MIC, afglkilled late exponential phase
aureus at 6 h at 8x MIC and 6x MIC, while vancomycin didt kill S. aureus at 6 h.
Compound4g displayed rapid bactericidal activity agaifstcoli, and was superior to
moxalactam in killing early and late exponentiahgé bacteria (Fig. 5b, dg killed
early and late exponential phake coli at 0.5 h and at 1 h, respectively, while
moxalactam did not Kill early or late exponentidlapeE. coli at 6 h. Clearly,
compounddg had excellent antibacterial activity agaiSsaureus andE. coli (Fig. 6),
and after 6 hours treatment the control group sesnpkere cloudy, but the groups of
4g (at 6% MIC and 8x MIC) were both clear. Thus, thsults suggest that the dialkyl

cationic amphiphilelg killed both Gram-positive and Gram-negative baatsapidly.

Control Control

6XMIC 8XMIC Vancomycin 6XMIC 8XMIC Moxalactam

Fig. 6. Time-kill kinetics of compounddg. (a), S aureus were grown to early
exponential phase and challenged with compotapdat 6x MIC and 8x MIC) and

vancomycin; (b)E. coli were grown to early exponential phase and chadiémngith



compound4g (at 6x MIC and 8x MIC) and moxalactam. The contn@s sterile

water. Pictures taken after treatment with compsuod6 h.
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treated biofilms oE. coli grown on cover slips for 72 h and after treating biofiims

with 4g at different concentrations. The black star regmes<50 CFU/mL.

2.7. Biofilm disruption activity

To evaluate the efficiency of this class of compoutmsradicatepreformed
biofilms, one of the best compoudd was usedgainst establishesl aureus andE.
coli biofilms. MatureS. aureus biofilms in a 96-well plate (grown for 24 h) witn
initial count of 21.9 logh CFU/mL per well of bacteria were treated witp at seven
different concentrationglg was found to reduce cell viabilities in the biofg (19.9,
18.6, 11.9, 11.5, 9.9, 7.9 and 7.6 l@GFU per well at 2, 4, 8, 16, 32, 64 and 128
ug/mL, respectively), whereas the cell viabilitytire non-treated biofilm increased to
24.9 logo CFU per well (Fig. 7a)4g was also able to reduce the cell viabilities in
matureE. coli biofilms (developed for 72 h) from an initial cdusf 25.9 logo CFU
per well to 24.7, 23.9, 8.4, 4.1, 2.1 and 0.3, ddgFU per well at 2, 4, 8, 16, 32, 64
and 128ug/mL, respectively, whereas the cell viability imetnon-treated biofilm

increased to 28.5 leg CFU per well (Fig. 7b).Biofilm disruption activity of



compounddg was visually shown by crystal violet staining (R8g, b). Moreover, the
MBICgp values ofdg were 18.0ug/mL againsiS. aureus and53.9 ug/mL againistE.
coli (Table 5). And the MBEC values df were 64ug/mL and 128g/mL againstS
aureus andE. coli, respectively. That were 64-fold of MIC values.eT&bove results
and images indicate that compou#d can inhibit bacterial biofilm formation and

eradicate established biofilms at 64 and @g8nL.

| 3 =
(a) , 1
4 1.

N L LY. - - =

Control 8pg/mL  16ug/mL 32pug/mL 64pg/mL 128pg/er

‘ T 2 [y ‘ 3 § ',"’"“_ \
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Control ~ 8pg/mL 16pg/mL 32pug/mL 64pg/mL  128pg/mL

Fig. 8. Antibiofilm activity of small moleculedg. (a) Images of the small molecule
treated and non-treated biofilms 8f aureus after staining with crystal violet. (b)
Images of the small molecule treated and non-tdelitafilms of E. coli after staining

with crystal violet.

Table 5 MBIC and MBEC of compoundg.

MBICgo/ MBICgo (ng/mL) MBEC (ug/mL)
Compound S aureus E. coli S aureus E. coli
4qg 18.0/26.9 53.9/73.6 64 128

2.8. Mechanism of action

The detailed molecular mechanism of action wasstigated to confirm whether
these dialkyl cationic amphiphilic small molecudeted by disrupting the integrity of
the bacterial cell membrane. Gram-posit&/@ureus and Gram-negative. coli were
used with all compounds to assess the structurgtgiatelationship of this series of
compounds. The mechanism of action can be confirimedhe following three
experiments (membrane depolarization, and inner lon@ne and outer membrane

permeabilization, Fig. 9).
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Fig. 9. Mechanism of antibacterial action of the catiomeai molecules(4a—4u)
Cytoplasmic membrane depolarization &f aureus (a) and E. coli (b). Inner
membrane permeabilization & aureus (c) andE. coli (d). (e) Outer membrane
permeabilization ofE. coli in the presence of amphiphilic small molecules @t 1
pug/mL.
2.8.1. Cytoplasmic membrane depolarization

The dialkyl amphiphilic small molecules were foutaddissipate the membrane

potential of both Gram-positive and Gram-negatiaeteria, as monitored by the



membrane-potential fluorescence sensitive dye dSCBurthermore, different
compounds showed different levels of dissipation tké membrane potential.
Compounds4g, 4k, 4l, 4h and 40 (final concentration was 2Qg/mL) showed
maximum membrane depolarization, whereas compodiadde 4n and4p exhibited
less membrane depolarization against Hatlaureus and E. coli (Fig. 9a, b). The
results further indicate that the ability of thengmunds4a—4u to dissipate the
membrane potential are well correlated with theiCMalues.
2.8.2. Inner membrane permeabilization

Bacterial cytoplasmic membrane permeabilization wasdied using the
fluorescent probe propidium iodide (Pl). Pl enteasteria only through compromised
membranes and fluoresces upon binding to celluldADAfter treatment with the
small moleculegta—4u (final concentration was 2(@g/mL), an enhancement in the
fluorescence intensity was observedSraureus andE. coli (Fig. 9c, d). Thus, the
results show that compoundd4a—4u permeabilize the membrane of both
Gram-positive and Gram-negative bacteria.
2.8.3. Outer membrane permeabilization

Outer membrane permeabilization was studied ushey hydrophobic dye
N-phenyl naphthylamine (NPN). NPN was generally leded from the outer
membrane of Gram-negative bacteria. When the oogenbrane was damaged, NPN
accessed the impaired outer membrane, exhibitinginarease in fluorescence
intensity. After treatment with the small molecues-4u(final concentration was 20
ug/mL), an enhancement in the fluorescence intensiyg observed irE. coli;
compounds were able to permeabilize the outer mameb(Fig. 9e). The above
results indicate that compoundd4a—4u can permeabilize the membrane of

Gram-negative bacteria.



Fig. 10.Electron scanning microscopy images of HelLa celleWing treatment with
small moleculestg and 4k for 24 h. (a) Cells treated witthg (1x MIC); (b) cells
treated withdk (2x MIC); and (c) cells treated with 0.1% Triton{ositive control)
and (d) non-treated cells (negative control). Sbaleis 10um.

Propidium iodide Merge

Calcein AM




Fig. 11. Fluorescence microscopy images of HelLa cells afssatment with small
moleculesAg and4k for 24 h and staining with calcein AM and propidiiodide (PI).
(a-c) Non-treated cells (negative control); (d-€Jls treated wittdg (1x MIC); (g-i)
cells treated withdk (2x MIC); and (j-I) cells treated with 0.1% Tritot (positive
control). Scale bar is 200 nm.
2.9. Fluorescence and electron scanning microscopy

Cells were seeded into the wells of a 12-well platel then treated with
compounds4g and4k) at various concentrations (1, 2 andgimL). The treated cell
lines were imaged by optical microscopy to visualine morphology (Fig. 10). The
treated cells were found to have normal morpholaggx MIC and 2x MIC, (Fig.
10a, b), and they were similar to the untreatetliceds (Fig. 10d). In contrast, cells
treated with Triton-X were found to have a compietdamaged shape (Fig. 10c).
Fluorescent microscopy studies using the live/d#anhing method showed that cells
treated with compoundég and4k showed green fluorescence even at 1x MIC, 2x
MIC (Fig. 11d-f, g-i) and were similar to the urdted cells (Fig. 11a-c). In contrast,
cells treated with Triton-X were found to have cdetgly red fluorescence (Fig.
11j-I). The above results indicate that these smmallecules were indeed nontoxic

toward mammalian cells at their MIC values.
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For S aureus where antibiotic norfloxacin was used as the a@niib) for E. coli
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2.10. Propensity to induce bacterial resistance



It is important to evaluate the potential emergeoickacterial resistance against
these small molecules. We took one of the moswv@atompounds (i.e4g) as a
representative to evaluate the ability of these mmumds to suppress the development
of resistance against both Gram-positiveaureus and Gram-negativ&. coli. Two
control antibiotics norfloxacin and colistin werkosen forS aureus and forE. coli,
respectively. In the case of norfloxacin and colisthe initial MIC values were
determined against respective bacteria. After thiéal MIC experiment, serial
passaging was initiated by transferring the grovidagterial suspension at sub-MIC of
the compound/antibiotics (at MIC/2), and was suigigéd¢o another MIC assay and the
process was repeated for 20 passages. The catiompounddg showed no change
in the MIC against botls. aureus and E. coli even after 20 passages, whereas
256-fold and 32-fold increases in MIC were obserf@dnorfloxacin and colistin,
respectively (Fig. 12a, b). The above results m@ichat these small molecules are
difficult to induce bacterial resistance and theypresent potential compounds to
combat drug-resistant bacteria. In contrast, r@sc& to the two positive control
antibiotics norfloxacin and colistin b§ aureus andE. coli, respectively, was easily
developed.

3. Conclusions

Twenty-one small molecules using different secopdanines with the same
alkyl chain and nine different amino acids were tbggized. These compounds
displayed potent broad-spectrum and membrane-aatitibacterial activity against
various drug-sensitive and drug-resistant bactefimth Gram-positive and
Gram-negative). Variation of the amino acids anglaphilic nature of the dialkyl
cationic amphiphiles strongly affected their antiieaial activity as well as hemolytic
activity. The structure-activity relationship stediof this series of dialkyl cationic
small molecules revealed that an amphiphilic stmgtvas critical for broad-spectrum
activity, especially against Gram-negative bactedditionally, the small molecules
were found to be stable under plasma conditions sirmved excellent activity in
various complex mammalian fluids such as serum@asima, but these compounds

were not able to retain antibacterial activity wiecubated in blood. Moreover, these



small molecules acted on bacteria rapidly and ditl allow bacteria to develop
resistance. Importantly, various spectroscopic @unctoscopic studies revealed that
depolarization and disruption of the bacterial celembrane are the primary
mechanisms describing the bactericidal action ef ¢dbmpounds. Furthermore, the
optimized molecule was found to be nontoxic towa@nmalian red blood cells and
showed negligible toxicity against mammalian cellserefore, these molecules hold
great promise to combat drug-resistance pathogedshave the ability not only to
inhibit bacterial biofilm formation bualso to eradicate established biofilms. Thus,
these compounds can be potentially used to tacKiections caused by various
bacteria.

4. Experimental section

General: Reagents and solvents were purchased from comaheatirces and were
used without further purificatiolH NMR and**C NMR spectra were recorded on a
Bruker 400 MHz and 101 MHz spectrometer respectj\vaahd TMS as internal
standard reference. Coupling constants (J) aregivieertz (Hz). High resolution mass
spectra (HRMS) were recorded on a Waters Micror@a3sof Micromass

spectrometer. The compounds were purified by revensase HPLC (Waters
Symmetry C-18 4.§250mm, fum) using sodium dihydrogen phosphate buffer

(PH=3 or 7.5) /acetonitrile (0-100%) as mobile ghassmore than 95% purity.
Analytical thin layer chromatography (TLC) was merhed on glass plates pre-coated
with silica gel (5—-40um, Qingdao Marine Chemicatteay (China)) to monitor the
reactions. Visualization was accomplished usinglight and 5% phosphomolybdic
acid ethanol solution. Column chromatography wafopmed on silica gel. For
optical density and fluorescence measurementsnllediaite Pro series M200
Microplate Reader was used. The biological expeniseere performed with a 1300
series A Biological Safety Cabinet. TDL-5M Desktop Low-spdeefrigerated
Centrifuge was used in antibacterial studies. Adl $olvents were of reagent grade.
Dimethylformamide, Dichloromethane, 1,2-Dichloroatie, Tetrahydrofuran,

Diethyl ether, Chloroform, Methanol, NaOH ,&0O3; and other solvents were



supplied by chemical reagent company (China)teitbutylcarbonate,
Diisopropylethylamine, HBTU, L-lysine, L-arginink;serine, D-serine, L-alanine,
L-leucine, L-isoleucine, L-phenylalanine and L-thinee were purchased from
Aladdin (China). N-n-heptylamine, n-nonylamine, mdecylamine, Di-n-ethylamine,
di-n-butylamine, di-mylamine, di-n-hexylamine, diectylamine and di-n-decylamine
were purchased from Chembee reagent company (CRithale chemicals were used
as supplied. Drug-sensitive bacterial straksoli (ATCC 25922) Saureus (ATCC
29213),E.faecalis (ATCC 29212) and.enterica (ATCC 8387). Drug-resistant
bacteria, Methicillin-resistar aureus (MRSA), Carbapenemase-producikg
pneumonia (KPC) and NDM-1-producing Enterobacteriaceae (NDMvere clinical
isolated strains. Sheep RBCs were used for hermagsay.

General procedure for the synthesis o N, N-di-n-alkylamines(1e, 19, 1i):
Compoundgla-1d, 1f, 1h)were from commercial resourcéBhe general synthesis
of other di-n-alkylamineg¢le, 1g, li)are accomplisheddy conventional chemical
synthesis procedure as described beldwture of n-ethyl-amine (1 g, 1equiv),
n-ethyl bromide (1lequiv) ananhydrous potassium carbonate (lequiv) in 7.5
mL dimethyl sulfoxide was kept under stirring for 12ah80°C.[55] And the
reaction was monitored by TLC,R 0.2~0.3 (PE: EA: TEA =5: 1: 0.05, v~il/v
and the visualization was accomplished using U¥tlend 5% phosphomolybdic acid
ethanol solution. PE represergstroleum ether, EA represents ethyl acetate and
TEA is triethylamine. The reaction mixture was take 25 mL chloroform,
washed withwater (3 x 25 mL), dried over anhydrous magnesiuifate and
filtered. Chloroform was removed from the filtrate anotaryevaporator and the
resulting residue was purified by Silica gel coluammomatography (PE: EA: TEA
= 10: 1: 0.05, v/v/v), then afforded the intermeelisecondary amine.

N, N-di-n-heptylamine (1€): Colourlessiquid, yield: 36.4%H NMR (400 MHz,
CDCl) § 2.62 — 2.54 (m, 4H), 1.55 — 1.41 (m, 4H), 1.29)(d,3.3 Hz, 16H), 0.88 (t,
J = 6.8 Hz, 6H).2°*C NMR (101 MHz, CDGJ) 5 50.18, 31.83, 30.23, 29.27, 27.40,
22.62, 14.07.



N, N-di-n-nonylamine (1g): Light yellow liquid, yield: 32.6%.'*H NMR (400
MHz, CDCE) § 2.61 — 2.54 (m, 4H), 2.21 (s, 1H), 1.47 (d¢;,13.7, 6.8 Hz, 4H), 1.28
(d,J = 6.0 Hz, 24H), 0.88 (1] = 6.8 Hz, 6H)*C NMR (101 MHz, CDGCJ) § 50.11,
31.86, 30.16, 29.57, 29.55, 29.26, 27.40, 22.63214
N, N-di-n-undecylamine (1i): White solid, yield: 32.5%H NMR (400 MHz,
CDCl) § 2.61 — 2.56 (m, 4H), 1.48 (dd= 13.9, 7.0 Hz, 4H), 1.27 (d,= 8.2 Hz,
32H), 0.88 (tJ = 6.8 Hz, 6H)*C NMR (101 MHz, CDG)) § 50.11, 31.92, 30.10,
29.63, 29.62, 29.60, 29.35, 27.43, 22.69, 14.11.

General procedure for the synthesis of intermediatenolecules (2a, 2e-2i):
L-lysine, L-alanine, L-leucine, L-isoleucine, L-phgdalanine, L-threonine (5 g, 1
equiv) was dissolved in 4 (100 mL), and to it NaOH (3 equiv) was added and
stirred. To this, dtert-butyl dicarbonate (Be©) (2.4 equiv) in 50 mL of
tetrahydrofuran (THF) was added at Q [8] Then the reaction mixture was stirred
at room temperature for 24 h. At the end of thetrea, THF was removed under
reduced pressure and the aqueous layer was wasttedliathyl ether to remove
organic impurities. Then the aqueous layer wasifeidto pH 4~5 using 1M k80O,
agueous solution. The aqueous layer was then ¢éadrawith dichloromethane
(DCM). The organic layer was then washed with bramel dried over anhydrous
NaSO,. The organic layer was removed under reduced pres® obtain the
compound.

Boc-Lys(Boc)-OH (2a): Light yellow solid, yield: 64.3%'H NMR (400 MHz, CDC})

§ 5.30 (s, 1H), 4.73 (s, 1H), 4.21 @z 73.0 Hz, 1H), 3.12 (d] = 5.1 Hz, 2H), 1.78
(d, J = 51.3 Hz, 2H), 1.55 — 1.37 (m, 22H§C NMR (101 MHz, CDGJ) 5 155.90,
125.01, 80.08, 79.36, 53.32, 40.08, 32.02, 29.8612 28.36, 22.42.

N-Boc-L-alanine (2e): White solid, yield: 89.4%'H NMR (400 MHz, CDC)) &
10.29 (s, 1H), 4.26 (d] = 72.0 Hz, 1H), 1.44 (d] = 8.1 Hz, 12H)*C NMR (101
MHz, CDCk) 6 177.91, 155.46, 80.26, 49.13, 28.31, 18.42.

N-Boc-L-leucine (2f): Colourless viscous oily liquid, yield: 75%4 NMR (400 MHz,
CDCl) 6 8.16 (s, 1H), 4.23 (d] = 72.5 Hz, 1H), 1.81 — 1.53 (m, 3H), 1.45 (s, 9H),



1.00 (t,J = 30.9 Hz, 6H)*C NMR (101 MHz, CDGJ) § 155.75, 80.13, 52.08, 41.45,
28.29, 24.78, 22.83, 21.76.

N-Boc-L-isoleucine (2g): Colourless viscous oily liquid, yield: 78.8%4 NMR (400
MHz, CDCk) 6 8.13 (s, 1H), 4.37 — 3.99 (m, 1H), 1.91 (s, 1H%41(d,J = 8.6 Hz,
10H), 1.23 (dddJ = 21.1, 13.5, 4.8 Hz, 1H), 1.02 — 0.90 (m, 6HC NMR (101
MHz, CDCk) & 177.75, 155.79, 80.06, 57.87, 37.75, 28.30, 2418849, 11.60.
N-Boc-L-phenylalanine (2h): Colourless viscous oily liquid, yield: 72.2%4 NMR
(400 MHz, CDC}) 8 7.32 — 7.16 (m, 5H), 6.95 (s, 1H), 4.59 4d; 5.6 Hz, 1H), 3.24
—3.01 (m, 2H), 1.49 — 1.25 (m, 9HJC NMR (101 MHz, CDCJ) & 175.85, 155.43,
136.03, 129.44, 128.56, 127.02, 80.21, 54.37, 378380.

N-Boc-L-threonine (2i): Colourless viscous oily liquid, yield: 72.29%4 NMR (400
MHz, CDCk) & 5.63 (d,J = 8.2 Hz, 1H), 4.70 (s, 3H), 4.40 (s, 1H), 4.27X& 7.5
Hz, 1H), 1.53 — 1.38 (m, 9H), 1.27 (db= 11.5, 5.1 Hz, 3H)*C NMR (101 MHz,
CDCl3) 6 174.31, 156.66, 80.54, 67.82, 58.64, 28.30, 19.29.

General procedure for the synthesis of intermediatemolecules (2b):
L-arginine (8.7 g, 50 mmol) was added into a soltof tert-butanol (150 mL) and
water (150mL) in a 500 mL round-bottom flask. Thixtore was cooled to 0 °C in an
ice bath and NaOH (7.0 g, 175 mmol) was added.sbhation was stirred for 5 min
at 0 °C and to it was added tert-butyl dicarbonate (43.7 g, 200 mmol) in
portions.[53] The reaction mixture was stirred #8 h at room temperature and
monitored by TLC (CHCI,/MeOH/CH;COOH, 40:1:0.2). The organic solvent (150
mL) was evaporated under reduced pressure ancsitue was extracted with ethyl
ether. The extracted solution was divided intogHegers in the separating funnel, the
middle layer was collected and carefully acidifigith citric acid to pH 3~4 and was
extracted with ethyl acetate (3 x 60 mL). The esttraas dried with anhydrous
sodium sulfate and evaporated in a vacuum. Theevdalid was obtained after dried

in a vacuum oven.



Boc-Arg(Boc),-OH (2b): White solid, yield: 61.1%H NMR (400 MHz, CDCJ) &

5.71 (s, 1H), 4.33 (s, 1H), 3.88 (s, 2H), 3.421(8), 1.73 (dd,) = 37.7, 31.2 Hz, 5H),
1.52 (d,J = 5.0 Hz, 9H), 1.49 (s, 9H), 1.44 (s, 9LC NMR (101 MHz, CDGJ) &
171.29, 156.20, 154.75, 153.17, 84.32, 83.19, (9945, 77.39, 77.07, 76.75, 60.43,
44.35, 40.51, 29.02, 28.36, 28.18, 28.02, 27.98R24.67, 21.02, 14.16.

General procedure for the synthesis of intermediatenolecules (2c, 2d)To a
stirred solution of L-serine and D-serine (5.2 §,06mmol) in 1M NaOH aqueous
solution (50 mL) and 1, 4-dioxane (100 mL), di-teutyl dicarbonate (13.1 g, 60.0
mmol) was slowly added at 0 °C. The mixture wasmaed to room temperature and
stirred for 24h. After evaporation of 1, 4-dioxatiee aqueous layer was wash with
Et,O (50 mL). The aqueous layer was acidified with HYSO, aqueous solution to
give pH 2-3 and extracted with ethyl acetate (3rRflQ. The combined organic layer
was dried over anhydrous p&O,, filtrated, and concentrated under reduced pressur
to give the product N-Boc-L-serine.

N-Boc-L-serine (2c): White solid, yield: 53.5%'H NMR (400 MHz, CDC}) 5 6.63
(d,J = 46.7 Hz, 2H), 4.30 (d = 60.7 Hz, 1H), 4.16 — 3.80 (m, 2H), 1.36 Jd; 77.2
Hz, 9H).13C NMR (101 MHz, CDG) 6 173.93, 156.30, 80.67, 62.99, 55.50, 28.30.

N-Boc-D-serine (2d): White solid, yield: 53.2%6H NMR (400 MHz, CDC}) § 6.04
(s, 2H), 4.36 (s, 1H), 4.05 (s, 1H), 3.91 — 3.8] i), 1.45 (s, 9H)"*C NMR (101
MHz, CDCk) 6 173.90, 156.28, 80.68, 62.99, 55.47, 28.30.

General procedure for the synthesis of amide couplg compounds (3a-3u):
To a stirred solution oN, N-di-n-alkylamines(la-1i) (200mg, 1 equiv) in 5:2
DMF/CHCI; (8.4 mL) was added N, N-di-isopropyl-ethylamind®BA, 3 equiv) at
0 °C. To this solution was then added HBTU (1.2&ieqg This mixture was stirred
for 5 min at 0 °C, and subsequently the Boc-pretdetmino acid§2a-2i) (1.25 equiv)
were added to it. The mixture was stirred at 0 €30 min and subsequently at RT
for 24 h typically[39]. At the end, CHglvas evaporated under reduced pressure and

the resulting solution was diluted to 2 times itgjimal volume by addition of ethyl



acetate. This mixture was subsequently washed@®&iiM KHSQ,, H,O (three times),
and brine. The combined organic layer was dried avdydrous NgO,, filtrated,
and concentrated under reduced pressure and tlegesas purified using column
chromatographypetroleum ether: ethyl acetate= 5:1 v/v and withrEthylaming

to obtain the product in 40%-80% yield. The pudfieompound was subsequently
characterized usintH NMR and**C NMR.

Di-tert-butyl (6-(diethylamino)-6-oxohexane-1,5-diyl)(S)-dicarbamate (3a):
Colourless oily liquid, yield: 51.2%H NMR (400 MHz, CDC}) 4 5.40 (d,J = 8.7
Hz, 1H), 4.66 (s, 1H), 4.53 (d,= 4.6 Hz, 1H), 3.52 (dd] = 13.6, 7.0 Hz, 1H), 3.43 —
3.31 (m, 2H), 3.23 (dd] = 13.6, 7.0 Hz, 1H), 3.10 (dd,= 12.8, 6.5 Hz, 2H), 1.70 —
1.48 (m, 4H), 1.43 (s, 18H), 1.41 — 1.35 (m, 2H231(t,J = 7.1 Hz, 3H), 1.12 (] =
7.1 Hz, 3H).130 NMR (101 MHz, CDGJ) 6 171.56, 156.05, 155.62, 79.52, 49.85,
41.89, 40.35, 33.68, 28.44, 28.39, 22.52, 14.63412

Di-tert-butyl (6-(dibutylamino)-6-oxohexane-1,5-diyl)(S)-dicarbamate (3b): Yellow
oily liquid, yield: 72.0%.*H NMR (400 MHz, CDC})  5.37 (d,J = 8.3 Hz, 1H), 4.67
(s, 1H), 4.53 (dJ = 4.3 Hz, 1H), 3.54 — 3.45 (m, 1H), 3.26 (dd; 15.1, 8.2 Hz, 2H),
3.17 — 3.03 (m, 3H), 1.63 (dd,= 11.5, 7.2 Hz, 2H), 1.59 — 1.47 (m, 6H), 1.43 (s,
18H), 1.40 — 1.27 (m, 6H), 0.94 (dt,= 12.6, 7.4 Hz, 6H)**C NMR (101 MHz,
CDCl;) 6 171.90, 156.03, 155.57, 79.44, 60.39, 49.84, 4745476, 33.80, 31.37,
29.72, 28.44, 28.38, 22.56, 20.18, 20.07, 13.882.3

Di-tert-butyl (6-(dipentylamino)-6-oxohexane-1,5-diyl)(S)-dicarbamate (3c): Yellow
oily liquid, yield: 72.5%H NMR (400 MHz, CDC}) § 5.37 (d,J = 7.4 Hz, 1H), 4.66
(s, 1H), 4.53 (dJ = 4.5 Hz, 1H), 3.48 (d] = 7.7 Hz, 1H), 3.25 (dd] = 15.3, 8.2 Hz,
2H), 3.17 — 3.04 (m, 3H), 1.62 (d#i= 13.5, 9.2 Hz, 2H), 1.58 — 1.46 (m, 6H), 1.44 (s,
18H), 1.31 (ddd, = 24.0, 14.3, 7.0 Hz, 10H), 0.90 (dHz= 14.7, 7.3 Hz, 6H)**C
NMR (101 MHz, CDCJ) 6 171.90, 156.03, 155.55, 79.44, 49.83, 48.31, 44398,
40.41, 33.82, 29.71, 29.50, 29.12, 28.98, 28.48882.57, 22.44, 14.03, 13.98.
Di-tert-butyl (6-(dihexylamino)-6-oxohexane-1,5-diyl)(S)-dicarbamate (3d): Yellow
oily liquid, yield: 71.9%* NMR (400 MHz, CDC}) § 5.37 (d,J = 8.4 Hz, 1H), 4.65
(s, 1H), 4.53 (dJ = 4.4 Hz, 1H), 3.53 — 3.44 (m, 1H), 3.25 (dd; 15.3, 8.6 Hz, 2H),



3.15 — 3.06 (m, 3H), 1.64 (dd,= 13.5, 5.1 Hz, 2H), 1.59 — 1.48 (m, 6H), 1.43 (s,
18H), 1.33 — 1.25 (m, 14H), 0.89 (= 6.5 Hz, 6H)°C NMR (101 MHz, CDG)) §
171.88, 156.02, 155.55, 79.44, 49.83, 47.79, 461040, 33.83, 31.55, 31.53, 29.51,
29.27, 28.44, 28.38, 27.54, 26.63, 26.54, 22.59214 3.98.

Di-tert-butyl (6-(diheptylamino)-6-oxohexane-1,5-diyl)(S)-dicarbamate (3¢): Yellow
oily liquid, yield: 62.6%'H NMR (400 MHz, CDC}) & 5.37 (d,J = 8.3 Hz, 1H), 4.66
(s, 1H), 4.53 (dJ = 3.7 Hz, 1H), 3.52 — 3.43 (m, 1H), 3.25 (d& 15.5, 9.0 Hz, 2H),
3.15 — 3.06 (m, 3H), 1.62 (dd,= 13.3, 8.1 Hz, 2H), 1.58 — 1.48 (m, 6H), 1.43 (s,
18H), 1.28 (dd,) = 8.4, 6.0 Hz, 18H), 0.87 (dd,= 6.8, 4.1 Hz, 6H)**C NMR (101
MHz, CDCk) 6 156.01, 155.54, 79.42, 49.82, 47.77, 45.99, 4B3®81, 31.77, 31.73,
29.30, 29.02, 28.42, 28.36, 27.58, 26.92, 26.857222.54, 14.04.

Di-tert-butyl (6-(dioctylamino)-6-oxohexane-1,5-diyl)(S)-dicarbamate (3f): Yellow
oily liquid, yield: 67.8%.H NMR (400 MHz, CDC}) 6 5.37 (d,J = 8.4 Hz, 1H), 4.66
(s, 1H), 4.53 (dJ = 4.2 Hz, 1H), 3.47 (d] = 6.6 Hz, 1H), 3.25 (d] = 6.5 Hz, 2H),
3.11 (dd,J = 12.0, 6.6 Hz, 3H), 1.62 (dd,= 13.1, 8.1 Hz, 2H), 1.58 — 1.47 (m, 6H),
1.43 (s, 18H), 1.27 (ddl, = 13.5, 6.6 Hz, 22H), 0.91 — 0.85 (m, 6£C NMR (101
MHz, CDCk) & 171.87, 156.02, 155.55, 79.43, 49.83, 47.79, 4640140, 33.83,
31.80, 31.76, 29.34, 29.25, 29.22, 28.44, 28.38,X726.99, 26.89, 22.63, 22.56,
14.09, 14.07.

Di-tert-butyl (6-(dinonylamino)-6-oxohexane-1,5-diyl)(S)-dicarbamate (3g): Yellow
oily liquid, yield: 66.8%."H NMR (400 MHz, CDC})  5.38 (d,J = 8.5 Hz, 1H), 4.69
(s, 1H), 4.53 (ddJ = 12.7, 8.3 Hz, 1H), 3.48 (di,= 15.0, 7.6 Hz, 1H), 3.33 — 3.19 (m,
2H), 3.16 — 3.04 (m, 3H), 1.66 — 1.59 (m, 2H), 1-58.47 (m, 6H), 1.43 (s, 18H),
1.26 (s, 26H), 0.91 — 0.85 (m, 6HfC NMR (101 MHz, CDGJ) § 171.86, 156.01,
155.53, 79.40, 78.95, 49.80, 47.77, 46.00, 40.36/73 31.82, 31.81, 29.67, 29.51,
29.48, 29.34, 29.28, 29.22, 29.19, 28.41, 28.3%%72726.95, 26.85, 22.63, 22.61,
22.53, 14.06.

di-tert-butyl (6-(didecylamino)-6-oxohexane-1,5-diyl)(S)-dicarbamate (3h): Yellow
oily liquid, yield: 74.0%.*H NMR (400 MHz, CDC})  5.36 (d,J = 8.6 Hz, 1H), 4.62
(d,J=17.5 Hz, 1H), 4.53 (d] = 4.2 Hz, 1H), 3.46 (s, 1H), 3.32 — 3.17 (m, 28i}16



— 3.03 (m, 3H), 1.62 (dd} = 13.0, 8.0 Hz, 2H), 1.58 — 1.46 (m, 6H), 1.4318H),
1.26 (d,J = 2.9 Hz, 30H), 0.90 — 0.85 (m, 6H}’C NMR (101 MHz, CDGJ) 5 171.86,
156.02, 155.55, 79.43, 79.01, 49.83, 47.80, 4640242, 33.83, 31.90, 31.88, 29.60,
29.56, 29.53, 29.39, 29.31, 28.44, 28.39, 27.6M®26.90, 22.69, 22.56, 14.11.
di-tert-butyl (6-(diundecylamino)-6-oxohexane-1,5-diyl)(S)-dicarbamate (3i): Light
yellow oily liquid, yield: 70.2% NMR (400 MHz, CDC}) 6 5.36 (d,J = 8.1 Hz,
1H), 4.65 (s, 1H), 4.53 (s, 1H), 3.48 (dtz 15.1, 7.5 Hz, 1H), 3.32 — 3.18 (m, 2H),
3.10 (s, 3H), 1.59 (s, 2H), 1.58 — 1.47 (m, 6H%31(s, 18H), 1.26 (d) = 2.4 Hz,
34H), 0.88 (dd, = 6.8, 5.8 Hz, 6H)*C NMR (101 MHz, CDGJ) § 156.03, 155.55,
79.43, 78.99, 49.87, 47.80, 46.02, 40.40, 33.82928129.60, 29.57, 29.39, 29.34,
29.32, 28.44, 28.39, 27.62, 27.00, 26.93, 26.96B.222.56, 14.12.

(3): Yellow oily liquid, yield: 46.7%.*H NMR (400 MHz, CDC}) § 9.37 (s, 1H),
9.20 (s, 1H), 5.40 (d] = 8.7 Hz, 1H), 4.52 (s, 1H), 3.88 (s, 2H), 3.4 {d= 15.1, 7.7
Hz, 1H), 3.32 — 3.17 (m, 2H), 3.16 — 3.04 (m, 1H{9 — 1.56 (m, 6H), 1.51 (s, 9H),
1.49 (s, 9H), 1.43 (d] = 11.5 Hz, 9H), 1.30 (dd), = 21.4, 13.0 Hz, 22H), 0.91 — 0.84
(m, 6H). **C NMR (101 MHz, CDGJ) & 171.62, 163.86, 160.61, 155.37, 155.00,
83.67, 79.34, 78.66, 50.13, 47.82, 46.08, 44.39%813131.76, 31.18, 29.32, 29.25,
29.23, 28.38, 28.35, 28.05, 27.60, 27.01, 26.9®2£2.63, 14.09, 14.07, -0.00.
(3k): Yellow oily liquid, yield: 44.6%.H NMR (400 MHz, CDCJ) 5 9.37 (s, 1H),
9.20 (s, 1H), 5.39 (d] = 8.6 Hz, 1H), 4.52 (s, 1H), 3.88 (s, 2H), 3.4 {d= 15.1, 7.7
Hz, 1H), 3.34 — 3.17 (m, 2H), 3.14 — 3.04 (m, 1H}0 (dd,J = 20.6, 14.1 Hz, 6H),
1.51 (s, 9H), 1.49 (s, 9H), 1.42 (s, 9H), 1.262@H), 0.88 (dd,) = 6.9, 5.8 Hz, 6H).
3C NMR (101 MHz, CDGJ) § 171.62, 163.86, 160.61, 155.37, 155.01, 83.6R379.
78.65, 50.13, 47.83, 46.09, 44.39, 31.85, 31.19712929.54, 29.53, 29.36, 29.26,
29.22, 28.38, 28.36, 28.05, 27.61, 27.01, 26.9924£2.67, 22.65, 14.10.

(3): Yellow oily liquid, yield: 42.6%.*H NMR (400 MHz, CDC}) § 9.37 (s, 1H),
9.20 (s, 1H), 5.39 (d] = 8.6 Hz, 1H), 4.51 (s, 1H), 3.88 (s, 2H), 3.52.42 (m, 1H),
3.26 (dd,J = 17.3, 10.2 Hz, 2H), 3.14 — 3.04 (m, 1H), 1.62)¢ 21.2 Hz, 6H), 1.51
(s, 9H), 1.49 (s, 9H), 1.42 (s, 9H), 1.26 (s, 300488 (t,J = 6.6 Hz, 6H)*C NMR
(101 MHz, CDC}) & 171.61, 163.86, 160.61, 155.36, 155.00, 83.6733{9/8.66,



50.12, 47.82, 46.09, 44.39, 31.90, 31.87, 31.195@99.58, 29.57, 29.52, 29.37,
29.30, 28.38, 28.36, 28.05, 27.61, 27.02, 26.981242.68, 14.11.

Tert-butyl  (S)-(1-(dioctylamino)-3-hydroxy-1-oxopropan-2-yl)carbamate  (3m):
Yellow oily liquid, yield: 62.9%.H NMR (400 MHz, CDCJ) § 5.62 (d,J = 8.0 Hz,
1H), 4.65 — 4.53 (m, 1H), 3.74 (dt= 11.0, 9.0 Hz, 2H), 3.51 — 3.23 (m, 4H), 1.65 —
1.48 (m, 4H), 1.44 (s, 9H), 1.29 @@= 7.7 Hz, 20H), 0.95 — 0.83 (m, 6HJC NMR
(101 MHz, CDC}) 6 170.79, 155.80, 80.09, 64.79, 51.25, 47.88, 4683138, 31.74,
29.69, 29.35, 29.32, 29.21, 29.19, 28.30, 27.5194626.83, 22.61, 22.60, 14.06,
14.05.

Tert-butyl  (S)-(1-(didecylamino)-3-hydroxy-1-oxopropan-2-yl)carbamate  (3n):
Yellow oily liquid, yield: 49.8%.H NMR (400 MHz, CDC}) § 5.61 (d,J = 7.6 Hz,
1H), 4.59 (s, 1H), 3.77 (8 = 14.9 Hz, 2H), 3.51 — 3.21 (m, 4H), 1.55 (dd&; 16.7,
7.5 Hz, 4H), 1.44 (s, 9H), 1.26 (s, 28H), 0.88J(t 6.3 Hz, 6H). **C NMR (101
MHz, CDCk) 6 170.80, 155.80, 80.10, 64.83, 51.25, 47.89, 4@148, 31.86, 29.69,
29.56, 29.54, 29.51, 29.37, 29.29, 29.28, 28.3(6226.95, 26.84, 22.67, 14.09.
Tert-butyl  (R)-(1-(dioctylamino)-3-hydroxy-1-oxopropan-2-yl)carbamate  (30):
Yellow oily liquid, yield: 67.3%.H NMR (400 MHz, CDCJ) & 5.63 (d,J = 8.2 Hz,
1H), 4.66 — 4.55 (m, 1H), 3.83 — 3.67 (m, 2H), 3(88d,J = 25.2, 15.7, 8.0 Hz, 4H),
1.61 — 1.49 (m, 4H), 1.44 (s, 9H), 1.31 — 1.25 pdH), 0.91 — 0.85 (m, 6H)*C
NMR (101 MHz, CDCY) 6 170.79, 155.77, 80.06, 64.75, 51.24, 47.88, 463138,
31.74, 29.69, 29.32, 29.21, 29.19, 28.29, 27.50032626.82, 22.61, 22.60, 14.06,
14.05.

Tert-butyl  (R)-(1-(didecylamino)-3-hydroxy-1-oxopropan-2-yl)carbamate  (3p):
Yellow oily liquid, yield: 52.6%.H NMR (400 MHz, CDCJ) § 5.62 (d,J = 8.1 Hz,
1H), 4.67 — 4.54 (m, 1H), 3.75 (ddil= 29.3, 11.3, 4.1 Hz, 2H), 3.46 — 3.20 (m, 4H),
1.61 — 1.48 (m, 4H), 1.47 — 1.41 (m, 9H), 1.260&, 7.1 Hz, 28H), 0.88 (dd, = 6.9,
5.5 Hz, 6H)."*C NMR (101 MHz, CDGJ) § 170.80, 155.80, 80.10, 64.81, 60.41,
51.24, 47.90, 46.15, 31.89, 31.87, 29.58, 29.55%29%9.39, 29.31, 29.29, 28.31,
27.53, 26.96, 26.85, 22.68, 14.11.



tert-butyl  (S)-(1-(dioctylamino)-1-oxopropan-2-yl)carbamate (3qg): Yellow oily
liquid, yield: 64.5%.H NMR (400 MHz, CDCY) § 5.46 (d,J = 7.8 Hz, 1H), 4.67 —
4.47 (m, 1H), 3.45 (dt] = 14.8, 7.6 Hz, 1H), 3.25 (d,= 7.7 Hz, 2H), 3.19 — 3.11 (m,
1H), 1.63 — 1.46 (m, 4H), 1.43 (s, 9H), 1.29J&; 6.8 Hz, 23H), 0.93 — 0.82 (m, 6H).
3C NMR (101 MHz, CDG)) & 172.50, 155.06, 79.34, 47.67, 46.21, 45.92, 31.81,
31.75, 29.36, 29.31, 29.27, 29.24, 29.21, 28.3%&726.94, 26.88, 22.64, 22.63,
19.81, 14.09, 14.07.

tert-butyl (S)-(1-(dioctylamino)-4-methyl-1-oxopentan-2-yl)carbamate (3r): Yellow
oily liquid, yield: 72.1%H NMR (400 MHz, CDC}) § 5.21 (d,J = 9.1 Hz, 1H), 4.60
(t, J = 8.0 Hz, 1H), 3.54 — 3.42 (m, 1H), 3.27J& 7.7 Hz, 2H), 3.19 — 3.06 (m, 1H),
1.84 — 1.67 (m, 2H), 1.66 — 1.57 (m, 2H), 1.53481(m, 3H), 1.44 (d) = 15.9 Hz,
9H), 1.33 — 1.23 (m, 20H), 0.99 (@= 6.5 Hz, 3H), 0.93 (d] = 6.7 Hz, 3H), 0.88 (td,
J = 6.6, 2.6 Hz, 6H)}*C NMR (101 MHz, CDGJ) & 172.72, 155.53, 79.24, 48.63,
47.77, 46.06, 43.46, 31.80, 31.77, 29.71, 29.363(929.24, 28.36, 27.60, 26.96,
24.64, 23.55, 22.65, 22.62, 21.82, 14.09, 14.07.

tert-butyl  ((2S,3S)-1-(dioctylamino)-3-methyl-1-oxopentan-2-yl)carbamate  (39):
Yellow oily liquid, yield: 64.5%.*H NMR (400 MHz, CDC}) § 5.21 (d,J = 9.4 Hz,
1H), 4.48 — 4.36 (m, 1H), 3.66 — 3.54 (m, 1H), 3-48.30 (m, 1H), 3.28 — 3.18 (m,
1H), 3.09 — 2.97 (m, 1H), 1.74 — 1.63 (m, 2H), 1(86d,J = 21.2, 10.5, 5.0 Hz, 4H),
1.43 (d,J = 6.5 Hz, 9H), 1.27 (s, 20H), 1.17 — 1.04 (m, 18496 — 0.82 (m, 12H)*C
NMR (101 MHz, CDCY) 6 172.02, 155.62, 79.23, 54.41, 48.03, 45.98, 3BI&O,
29.37, 29.27, 29.21, 28.35, 27.59, 27.05, 26.8®)242.64, 15.77, 14.08, 11.43.
tert-butyl (S)-(1-(dioctylamino)-1-oxo-3-phenylpropan-2-yl)carbamate (3t): Yellow
oily liquid, yield: 64.5%H NMR (400 MHz, CDC}) § 7.26 — 7.16 (m, 5H), 5.33 (d,
J = 8.8 Hz, 1H), 4.74 (d] = 6.6 Hz, 1H), 3.48 — 3.33 (m, 1H), 3.08 — 2.8Q &H),
1.74 — 1.33 (m, 13H), 1.26 @,= 15.9 Hz, 20H), 0.88 (df = 7.0, 3.3 Hz, 6H)**C
NMR (101 MHz, CDC4) 6 171.21, 154.93, 136.78, 129.56, 128.36, 126.764879
51.50, 47.72, 46.36, 40.56, 31.82, 31.77, 29.372899.24, 29.18, 28.98, 28.33,
27.52, 27.05, 26.77, 22.65, 22.61, 14.09, 14.08.



tert-butyl  ((2S,3R)-1-(dioctylamino)-3-hydroxy-1-oxobutan-2-yl)carbamate (3u):
Yellow oily liquid, yield: 58.1%.H NMR (400 MHz, CDCJ) § 5.46 (d,J = 9.6 Hz,
1H), 4.41 (dJ = 9.7 Hz, 1H), 4.04 (d] = 6.2 Hz, 1H), 3.53 (ddl = 13.3, 6.9 Hz, 1H),
3.28 (tdd,J = 19.4, 13.8, 5.6 Hz, 3H), 1.62 — 1.49 (m, 4H}51(d,J = 7.0 Hz, 9H),
1.28 (s, 20H), 1.17 (d, = 6.3 Hz, 3H), 0.88 (] = 5.9 Hz, 6H)!*C NMR (101 MHz,
CDCls) 6 172.58, 156.02, 79.86, 68.04, 52.63, 48.01, 4632680, 31.77, 29.53,
29.37, 29.36, 29.23, 29.21, 28.29, 28.19, 27.508&6.81, 22.63, 18.67, 14.08.
General procedure for the synthesis of amphiphilicmall molecules (4a-4u)This
was the reaction about deprotection of Boc Grolipe. amide coupling compounds
(3a-3u) (1 equiv) were dissolved in methanol and themrestiat 0°C, then dropwise
addition of a known amount of acetyl chloride (&®g usually via a weighed syringe
to an ice cold solution of excess amount of methfg@) Ice cold solutions are used
in order to increase the solubility of the HCI apcevent its escape, the initial
generation of the HCI being exothermic. In caseer@lsimple esterifications are
carried out, excess acetyl chloride may be usedowttdetrimental effects, since the
workup involves simple evaporation of the solventd &xcess HCIl. The solutions
were allowed to warm to room temperature and thetrens were completed within
24 h. The final compounds were characterized'ByNMR, *C NMR, and mass
spectrometry.

(S)-6-(diethylamino)-6-oxohexane-1, 5-diaminium chloride (4a): Dark yellow
foamed solid, yield: 42.5%H NMR (400 MHz, DMSOdg) 5 8.31 (s, 3H), 8.13 (s,
3H), 4.16 (dJ = 5.0 Hz, 1H), 3.41 — 3.25 (m, 3H), 3.21 — 3.14 {H), 2.74 (d] =
5.8 Hz, 2H), 1.75 — 1.65 (m, 2H), 1.63 — 1.53 (i),21.47 — 1.33 (m, 2H), 1.14 @,

= 7.0 Hz, 3H), 1.05 (tJ = 7.0 Hz, 3H).X*C NMR (101 MHz, DMSOdg) 5 167.52,
49.17, 41.20, 38.15, 30.14, 26.37, 20.82, 14.276712HR-MS (ESI) Calcd for
C1oH23N30 [M+H] *: 202.1914, found: 202.1918.
(S)-6-(dibutylamino)-6-oxohexane-1, 5-diaminium chloride (4b): Light yellow
foamed solid, yield: 31.7%H NMR (400 MHz, DMSOd) & 8.32 (d,J = 48.6 Hz,
6H), 4.12 (s, 1H), 3.47 (dd,= 13.7, 7.4 Hz, 1H), 3.34 — 3.24 (m, 1H), 3.21.H13m,
1H), 3.01 (dtJ = 13.3, 6.8 Hz, 1H), 2.71 (s, 2H), 1.70 Jck 6.2 Hz, 2H), 1.46 (ddd,



J=26.1, 20.1, 13.9 Hz, 8H), 1.25 (ddidk 21.3, 13.7, 7.0 Hz, 4H), 0.87 (dbi= 16.6,
7.3 Hz, 6H).13C NMR (101 MHz, DMSOdg) 6 167.87, 49.20, 48.49, 46.58, 44.83,
38.14, 30.65, 30.14, 29.02, 26.27, 20.87, 19.4R9913.71, 13.69. HR-MS (ESI)
Calcd for G4H31N30 [M+H] *: 258.2540, found: 258.2545.
(S)-6-(dipentylamino)-6-oxohexane-1, 5-diaminium chloride (4c): Light yellow
foamed solid, yield: 79.8%6H NMR (400 MHz, DMSOd) & 8.21 (d,J = 79.2 Hz,
6H), 4.14 (s, 1H), 3.46 — 3.41 (m, 1H), 3.38 — 287 3H), 2.74 (s, 2H), 1.70 (d,=
6.6 Hz, 2H), 1.65 — 1.15 (m, 16H), 0.89 (dd& 9.4, 7.6, 2.1 Hz, 6HFC NMR (101
MHz, DMSO-g) 6 168.42, 167.89, 49.28, 46.74, 45.04, 38.19, 323R616, 28.42,
28.22, 28.14, 26.50, 26.36, 26.20, 25.47, 22.43212221.88, 21.78, 16.72, 16.46,
13.87, 13.85, 11.32, 11.19. HR-MS (ESI) Calcd fegHzsNzO [M+H] *: 286.2853,
found: 286.2860.

(S)-6-(dihexylamino)-6-oxohexane-1, 5-diaminium chloride (4d): Dark vyellow
viscous solid, yield: >95%H NMR (400 MHz, DMSOdg) & 8.15 (d,J = 82.2 Hz,
6H), 4.14 (tJ = 5.6 Hz, 1H), 3.41 — 2.95 (m, 4H), 2.74t 6.9 Hz, 2H), 1.70 (dd]
=14.5, 7.4 Hz, 2H), 1.59 — 1.54 (m, 2H), 1.44 @d,15.2, 7.1 Hz, 2H), 1.36 (s, 2H),
1.32 — 1.18 (m, 14H), 0.85 (ddl= 8.9, 4.5 Hz, 6H)**C NMR (101 MHz, DMSOds)

0 167.89, 49.31, 46.77, 45.08, 38.22, 30.97, 316419, 28.51, 26.79, 26.40, 25.87,
25.65, 22.00, 21.96, 20.85, 13.87, 13.84. HR-MS)YE@lcd for GgHzgNsO [M+H] ™
314.3166, found: 314.3171.

(S)-6-(diheptylamino)-6-oxohexane-1, 5-diaminium chloride (4€): Light yellow
viscous solid, yield: >95%H NMR (400 MHz, DMSO€g) & 8.19 (d,J = 77.4 Hz,
6H), 4.14 (dJ = 4.9 Hz, 1H), 3.51 — 3.45 (m, 1H), 3.35 — 3.23 {iH), 3.16 (s, 1H),
3.02 (dd,J = 9.2, 4.2 Hz, 1H), 2.83 — 2.64 (m, 2H), 1.70 (dd; 14.2, 7.5 Hz, 2H),
1.60 — 1.50 (m, 4H), 1.44 (dd= 13.9, 6.9 Hz, 2H), 1.34 — 1.15 (m, 18H), 0.88, ®

= 6.8, 3.9 Hz, 6H).13C NMR (101 MHz, DMSO¢ds) 6 167.88, 49.29, 46.79, 45.09,
38.19, 31.16, 31.13, 30.17, 28.56, 28.42, 28.3183626.37, 26.17, 25.94, 21.99,
21.97, 20.85, 13.91, 13.90. HR-MS (ESI) Calcd fegHzsN:O [M+H] *: 342.3479,
found: 342.3484.



(S)-6-(dioctylamino)-6-oxohexane-1, 5-diaminium chloride (4f): Dark vyellow
viscous solid, yield: 73.3%H NMR (400 MHz, DMSOsdg) 5 8.19 (d,J = 79.3 Hz,
6H), 4.14 (s, 1H), 3.29 (dd, = 15.2, 7.0 Hz, 1H), 3.17 (dd,= 14.9, 5.9 Hz, 1H),
3.08 — 2.99 (m, 1H), 2.74 (s, 2H), 1.70 (dd; 14.2, 7.5 Hz, 2H), 1.61 — 1.49 (m, 4H),
1.44 (ddJ = 13.2, 6.5 Hz, 2H), 1.40 — 1.36 (m, 1H), 1.25Xd, 5.5 Hz, 22H), 0.89 —
0.83 (m, 6H).13C NMR (101 MHz, DMSOdg) 6 167.89, 49.28, 46.79, 45.11, 38.17,
31.18, 31.16, 30.16, 28.73, 28.59, 28.55, 26.82372626.22, 25.99, 22.03, 20.84,
13.91. HR-MS (ESI) Calcd for &H47N30 [M+H] *: 370.3792, found: 370.3797.
(S)-6-(dinonylamino)-6-oxohexane-1, 5-diaminium chloride (4g): Dark yellow
viscous solid, yield: 63.89%4H NMR (400 MHz, DMSOsdg) 5 8.22 (d,J = 70.4 Hz,
6H), 4.14 (d,J = 4.2 Hz, 1H), 3.46 — 3.43 (m, 1H), 3.29 (dds 14.6, 6.7 Hz, 1H),
3.21 — 3.13 (m, 1H), 3.03 (dd,= 9.1, 4.2 Hz, 1H), 2.74 (d,= 5.7 Hz, 2H), 1.74 —
1.67 (m, 2H), 1.60 — 1.48 (m, 4H), 1.43 — 1.38 2#), 1.25 (s, 26H), 0.86 (§,= 6.1
Hz, 6H).13C NMR (101 MHz, DMSOdg) 6 167.89, 49.26, 46.81, 45.15, 38.15, 31.24,
31.22, 30.15, 28.89, 28.85, 28.77, 28.65, 28.625%86.83, 26.35, 26.23, 25.99,
22.05, 20.84, 13.91. HR-MS (ESI) Calcd fossds5:Ns0 [M+H] *: 398.4105, found:
398.4112.

(S)-6-(didecylamino)-6-oxohexane-1, 5-diaminium chloride (4h): Light yellow
foamed solid, yield: 92.59%6H NMR (400 MHz, DMSOd) & 8.21 (d,J = 74.4 Hz,
6H), 4.14 (s, 1H), 3.43 (s, 1H), 3.28 (ddk 14.8, 6.7 Hz, 1H), 3.21 — 3.11 (m, 1H),
3.09 — 2.99 (m, 1H), 2.74 (s, 2H), 1.70 (d& 14.2, 7.5 Hz, 2H), 1.54 (ddd = 27.6,
13.2, 7.3 Hz, 4H), 1.41 (dd,= 15.1, 7.5 Hz, 2H), 1.24 (s, 30H), 0.85Jt 6.6 Hz,
6H). *C NMR (101 MHz, DMSOds) 5 167.89, 49.27, 46.82, 45.17, 38.16, 31.24,
30.15, 28.92, 28.90, 28.76, 28.64, 28.54, 26.833%626.22, 25.98, 22.05, 20.84,
13.90. HR-MS (ESI) Calcd for &HssNsO [M+H] *: 426.4418, found: 426.4425.
(S)-6-(diundecylamino)-6-oxohexane-1, 5-diaminium chloride (4i): Rice white
viscous solid, yield: 45.49%H NMR (400 MHz, DMSOedg) & 8.24 (t,J = 46.6 Hz,
6H), 4.15 (s, 1H), 3.43 (s, 1H), 3.35 — 3.25 (m),1317 (ddJ = 14.8, 5.8 Hz, 1H),
3.09 — 3.00 (m, 1H), 2.74 (s, 2H), 1.70 (d& 14.2, 7.5 Hz, 2H), 1.55 (ddd = 18.6,
12.6, 7.0 Hz, 4H), 1.41 (dd,= 15.4, 7.7 Hz, 2H), 1.24 (s, 34H), 0.86Jt 6.7 Hz,



6H). *C NMR (101 MHz, DMSOdq) § 167.89, 49.28, 46.83, 45.19, 38.16, 31.25,
30.15, 28.96, 28.95, 28.91, 28.89, 28.75, 28.6664828.54, 26.83, 26.36, 26.23,
25.97, 22.05, 20.83, 13.90. HR-MS (ESI) Calcd fagHgoNsO [M+H] *: 454.4731,
found: 454.4735.

(4j): Light yellow foamed solid, yield: 79.6%H NMR (400 MHz, DMSO#ds) & 8.32

(d, J = 13.5 Hz, 3H), 7.97 (] = 5.4 Hz, 1H), 7.65 — 6.90 (m, 3H), 4.19 Jc& 4.2 Hz,
1H), 3.36 — 3.27 (m, 1H), 3.16 (dt= 15.2, 7.0 Hz, 2H), 3.09 — 2.99 (m, 1H), 1.74 (d,
J=5.6 Hz, 2H), 1.64 — 1.39 (m, 6H), 1.25 (s, 200184 — 0.75 (m, 6H)°C NMR
(101 MHz, DMSOe€k) 6 167.83, 157.00, 49.14, 46.83, 45.12, 31.19, 3128872,
28.61, 28.55, 27.96, 26.83, 26.23, 25.99, 23.7@)£23.91. HR-MS (ESI) Calcd for
Ca2Ha7NsO [M+H] *: 398.3853, found: 398.3858.

(4k): Light yellow foamed solid, yield: 81.8%4H NMR (400 MHz, DMSOds) &
11.18 (s, 1H), 8.99 (s, 2H), 8.44 (#= 61.4 Hz, 3H), 8.10 — 6.77 (m, 1H), 4.21 (s,
1H), 3.33 (s, 2H), 3.21 — 3.12 (m, 1H), 3.01J&; 5.7 Hz, 1H), 1.73 (d] = 23.9 Hz,
2H), 1.62 (s, 2H), 1.46 (s, 8H), 1.17 (b 49.7 Hz, 24H), 0.84 (dl = 6.6 Hz, 6H).
¥C NMR (101 MHz, DMSOdg) 6 167.79, 153.46, 151.60, 83.54, 49.06, 46.84, 45.07
31.24, 31.23, 28.91, 28.85, 28.74, 28.66, 28.63612828.47, 27.70, 27.48, 26.81,
26.23, 25.99, 23.10, 22.05, 13.86. HR-MS (ESI) @diar CyHs:NsO [M+H] ™
426.4166, found: 426.4171.

(41): Light yellow foamed solid, yield: 78.8%H NMR (400 MHz, DMSO#€s) & 8.32
(d,J = 13.5 Hz, 3H), 7.95 (1 = 5.6 Hz, 1H), 7.70 — 6.85 (m, 3H), 4.20 (s, 1BB5 —
3.28 (m, 1H), 3.20 — 3.11 (m, 2H), 3.08 — 2.98 i), 1.72 (tJ = 14.7 Hz, 2H), 1.63

— 1.37 (m, 8H), 1.24 (s, 28H), 0.86 (t,= 6.5 Hz, 6H)."*C NMR (101 MHz,
DMSO-dg) 6 167.83, 156.98, 49.14, 46.85, 45.15, 31.25, 288175, 28.66, 28.52,
27.96, 27.50, 26.84, 26.23, 25.97, 23.75, 22.069113HR-MS (ESI) Calcd for
Ca6HssNsO [M+H] *: 454.4479, found: 454.4487.
(S)-1-(dioctylamino)-3-hydroxy-1-oxopropan-2-aminium chloride (4m): Yellow
foamed solid, yield: 94.5%H NMR (400 MHz, DMSOds) & 8.26 (s, 3H), 4.16 (s,
1H), 3.70 (ddJ = 11.5, 4.4 Hz, 1H), 3.55 (dd,= 11.5, 7.0 Hz, 1H), 3.42 (dd,=
15.8, 7.6 Hz, 2H), 3.22 — 3.02 (m, 2H), 1.61 — 116 4H), 1.25 (dJ = 8.0 Hz, 20H),



0.92 — 0.76 (m, 6H)**C NMR (101 MHz, DMSOdg) & 166.23, 60.32, 52.37, 46.70,
45.11, 40.12, 39.91, 39.71, 39.50, 39.29, 39.08373831.20, 28.76, 28.68, 28.63,
28.57, 26.92, 26.18, 26.01, 22.05, 13.91. HR-MS)YE&lcd for GgH4oN20, [M+H]
*:329.3163, found: 329.3163.
(S)-1-(didecylamino)-3-hydroxy-1-oxopropan-2-aminium  chloride (4n): Light
yellow foamed solid, yield: 97.2%H NMR (400 MHz, DMSOdg) 5 8.18 (s, 3H),
5.56 (s, 1H), 4.23 — 4.08 (m, 1H), 3.70Jd; 10.2 Hz, 1H), 3.45 — 3.33 (m, 2H), 3.10
(ddd,J = 13.4, 11.4, 5.1 Hz, 2H), 1.58 — 1.38 (m, 4H241(d,J = 4.6 Hz, 28H), 0.85
(t, J = 6.5 Hz, 6H)."*C NMR (101 MHz, DMSOdg) & 166.14, 60.22, 52.35, 46.73,
45.15, 31.24, 28.89, 28.74, 28.65, 28.46, 26.881R625.96, 22.05, 13.90. HR-MS
(ESI) Calcd for GaHagNO, [M+H] *: 385.3789, found: 385.3793.
(R)-1-(dioctylamino)-3-hydroxy-1-oxopropan-2-aminium chloride (40): Dark yellow
viscous solid, yield: 96.3%H NMR (400 MHz, DMSOd) & 8.26 (s, 3H), 4.16 (s,
1H), 3.71 (dJ = 4.4 Hz, 1H), 3.53 (d] = 7.1 Hz, 1H), 3.42 (df] = 15.2, 7.1 Hz, 3H),
3.18 — 2.99 (m, 2H), 1.57 — 1.36 (m, 4H), 1.23)4,7.5 Hz, 20H), 0.83 (dd, = 6.6,
2.6 Hz, 6H)%3C NMR (101 MHz, DMSOdg) 6 166.21, 60.25, 52.32, 46.74, 45.16,
39.90, 39.69, 39.49, 39.28, 39.07, 38.86, 38.65183128.72, 28.64, 28.58, 28.53,
28.48, 26.88, 26.15, 25.97, 22.03, 13.86. HR-MS)Ealcd for GgH4oN20, [M+H]

*: 329.3163, found: 329.3177.
(R)-1-(didecylamino)-3-hydroxy-1-oxopropan-2-aminium chloride (4p): Dark
yellow viscous solid, yield: >95%6H NMR (400 MHz, DMSOds) & 8.26 (s, 3H),
4.11 (s, 1H), 3.59 — 3.45 (m, 4H), 3.36 Jd 6.0 Hz, 2H), 1.53 — 1.27 (m, 4H), 1.16
(s, 28H), 0.78 (tJ = 6.0 Hz, 6H).**C NMR (101 MHz, DMSOdg) & 166.24, 60.25,
52.28, 48.48, 46.78, 45.21, 31.21, 28.89, 28.86/2828.63, 28.45, 26.87, 26.12,
25.93, 22.02, 13.86. HR-MS (ESI) Calcd fosaldagN.O, [M+H] *: 385.3789, found:
385.3795.

(S)-1-(dioctylamino)-1-oxopropan-2-aminium chloride (4q): Dark yellow viscous
oily liquid, yield: 96.8%.H NMR (400 MHz, DMSO#€g) § 8.34 (s, 3H), 4.20 — 4.07
(m, 1H), 3.54 — 2.97 (m, 4H), 1.59 — 1.38 (m, 4HR2 (d,J = 6.8 Hz, 3H), 1.25 (d]

= 7.2 Hz, 20H), 0.92 — 0.80 (m, 6HJC NMR (101 MHz, DMSOdg) § 168.94, 46.49,



45.85, 44.82, 31.18, 28.72, 28.66, 28.61, 28.56563826.82, 26.14, 25.99, 22.04,
16.84, 13.90. HR-MS (ESI) Calcd for 1B, oN,0 [M+H] *: 313.3213, found:
313.3216.

(S)-1-(dioctylamino)-4-methyl-1-oxopentan-2-aminium chloride (4r): Dark yellow
viscous oily liquid, yield: 90.29%4 NMR (400 MHz, DMSOs) & 8.33 (d,J = 3.0 Hz,
3H), 4.11 — 4.02 (m, 1H), 3.56 — 2.99 (m, 4H), 1-91.74 (m, 1H), 1.70 — 1.36 (m,
6H), 1.26 (dJ = 11.0 Hz, 20H), 0.88 (ddd, = 12.4, 10.4, 6.0 Hz, 12H)°C NMR
(101 MHz, DMSOe€) 6 168.51, 48.06, 46.83, 45.13, 31.17, 31.16, 28X:63,
28.57, 28.55, 28.41, 26.83, 26.18, 26.12, 23.32112322.05, 22.01, 21.25, 13.90.
HR-MS (ESI) Calcd for @HseN>O [M+H] *: 355.3683, found: 355.3689.

(2S, 39)-1-(dioctylamino)-3-methyl-1-oxopentan-2-aminium chloride (4s): Dark
yellow viscous oily liquid, yield: 91.296H NMR (400 MHz, DMSOsdg) & 8.27 (s,
3H), 4.06 — 3.99 (m, 1H), 3.67 — 3.55 (m, 1H), 3(ddd,J = 83.0, 11.1, 6.6 Hz, 3H),
1.78 (d,J = 5.2 Hz, 1H), 1.49 (ddd}, = 17.9, 9.7, 5.1 Hz, 5H), 1.33 — 1.19 (m, 20H),
1.17 — 1.07 (m, 1H), 0.96 (d,= 6.9 Hz, 3H), 0.90 — 0.82 (m, 9HYC NMR (101
MHz, DMSO-g) 6 167.62, 53.53, 47.03, 44.97, 36.28, 31.20, 3128569, 28.65,
28.59, 28.57, 28.45, 26.80, 26.23, 25.99, 23.1004£214.83, 13.90, 13.88, 11.31.
HR-MS (ESI) Calcd for @HseN-O [M+H] *: 355.3683, found: 355.3687.
(S)-1-(dioctylamino)-1-oxo-3-phenylpropan-2-aminium chloride (4t): Dark yellow
viscous oily liquid, yield: 92.09%4H NMR (400 MHz, DMSOdg) 5 8.53 (s, 3H), 7.41
—7.14 (m, 5H), 4.30 (dd,= 8.9, 5.0 Hz, 1H), 3.34 (s, 1H), 3.17 (dds 13.1, 4.9 Hz,
1H), 3.00 — 2.68 (m, 4H), 1.19 (dt= 36.0, 23.4 Hz, 24H), 0.91 — 0.82 (m, 6HC
NMR (101 MHz, DMSOsdg) 6 167.28, 134.78, 129.55, 128.40, 127.24, 50.1826.
45.58, 37.29, 31.20, 31.18, 28.68, 28.55, 28.5213826.81, 26.30, 25.99, 22.06,
22.02, 13.90. HR-MS (ESI) Calcd foro4B4N.O [M+H] *: 389.3526, found:
389.3531.

(2S, 3R)-1-(dioctylamino)-3-hydroxy-1-oxobutan-2-aminium chloride (4u): Dark
yellow viscous oily liquid, yield: 95.3%H NMR (400 MHz, DMSO#€) & 8.25 (d,J

= 3.0 Hz, 3H), 4.09 — 4.01 (m, 1H), 3.93 — 3.86 1), 3.59 — 3.48 (m, 3H), 3.20 —
3.10 (m, 1H), 3.05 — 2.96 (m, 1H), 1.49 (dds 20.6, 13.5 Hz, 4H), 1.26 (d,= 5.3



Hz, 20H), 1.12 (dJ = 6.4 Hz, 3H), 0.92 — 0.80 (m, 6H)*C NMR (101 MHz,
DMSO-ds) 6 166.35, 66.39, 54.45, 47.23, 45.36, 31.20, 3128874, 28.66, 28.61,
28.56, 26.86, 26.26, 26.06, 22.04, 19.07, 13.91-MER(ESI) Calcd for GoH42N202
[M+H] *: 343.3319, found: 343.3325.

Microorganisms and culture conditions: The antibacterial activity of all the dialkyl
cationic amphiphilic small molecules was evaluatghinst both Gram-positive
bacteria § aureus, E. faecalis and MRSA) and Gram-negative bacterta ¢oli,
Senterica, KPC, NDM-1). All the bacteria were cultured in Nar-Hinton broth (5.0 g
of beef extract, 17.5 g of casein hydrolysate, abdy of starch in 2000 mL of distilled
water) Brain-heart infusion broth (5.0 g beef heaifsion form, 12.5 g of calf brains
infusion form, 2.5 g N&HPO,, 2.0 g D-glucose, 10 g of peptone and 5.0 g Na@DO
mL of sterile distilled water) was used for stoekrgples of bacteria, the freeze dried
stock samples of bacteria in 33.3% glycerol weosest at -80 °C. For solid media,
Mueller-Hinton agar (5.0 g of beef extract, 17.6fgasein hydrolysate, 1.5 g of starch
and 12.5 g of agar in 1000 mL of distilled wategsawused as growth medium.

Cell culture: Human cervical carcinoma cell lifeleLa cell), maintained in complete
DMEM media (Bioind) supplemented with 10% FBS (Zé&i&), at 37 °C in a
humidified atmosphere of 5% G@ air. All the cells were mycoplasma free. Thiésce
were trypsinized, counted and seeded in 96-wellepldor viability studies or in
12-well plates for other studies. The cells welevedd to adhere overnight before they
were used for experiments.

Antibacterial assay (minimum inhibitory concentration): Minimum inhibitory
concentration (MIC) of all the small molecular campds 4a-4u) were determined by
broth microdilution method according to CLSI guidek. The test medium for most
species was cation-adjusted Muller-Hinton broth @)JHThe 4-6 h grown culture as
described in the microorganism and culture conditiection gives about 1CFU/mL

of bacteria. The bacterial cultures were then ddub give approximately 2@FU/mL

in Muller-Hinton broth media which were then usemt tletermining antibacterial
efficacy. All the final compounds were water sokildt room temperature. Stock

solutions of the final compounds were prepared stdrile Milli-Q water. Then the



stock solutions were serially diluted to differennhcentration (256g/mL, 128ug/mL,

64 ug/mL, 32ug/mL, 16pg/mL, 8ug/mL, 4pug/mL, 2ug/mL, 1ug/mL, 0.5ug/mL) by
using Muller-Hinton broth media. These dilution®Q1iL) were added to the wells of
96 well plate followed by the addition of 100 of bacterial suspension (AGFU/mL).
Two controls were made: one containing 20of media (negative contrast) and the
other containing 20QL of bacterial solution (1DCFU/mL, positive contrast). The
plates were then incubated at 37 °C for 16-20 terAhe incubation, read the results.
Each concentration was determined in twice andvii@e experiment was repeated at
least twice. The antibacterial activity was thugpressed as minimum inhibitory
concentration (MIC). A glycopeptides antibiotic eamycin and &-lactams antibiotic
meropenem were used to compare the antibactefieh&yf in this study. To determine
the minimum bactericidal concentration (MBC), tleeterial suspension that appeared
to have less/little turbidity in the MIC experiments plated (2QL) and the agar
plates were incubated for 20-24 h at 37 °C. Comagah at which no bacterial growth
(no bacterial colony) was observed was taken aBIB@ of the respective compounds.
Antibacterial activity in plasma (Plasma stability): Bacteria & aureus) was grown

in a similar way as mentioned in the microorganam culture condition and finally
diluted in the respective media to give’ @FU/mL. The fresh sterile defiber sheep
blood (from commercial resource) was centrifuged3®®0 rpm for 10 min. The
plasma, separated from the blood cells after dagation, was carefully collected. The
test compound4g) was dissolved in 50% sterile Milli-Q water and 5@¥asma at a
concentration of 512g/mL. Three such test samples were preincubat&d 4C in
50% plasma for O h, 3 h and 6 h respectively. Tthenthree samples were serially
diluted to several concentration (2p6/mL, 128 ug/mL, 64 ug/mL, 32 ug/mL, 16
ug/mL, 8ug/mL, 4pug/mL). After that, 5QuL of the above solutions was added to wells
of a 96-well plate and 150L of the bacterial suspension 10FU/mL) was added to
wells. The plate was then incubated for 20-24 B7AfC and antibacterial efficacy
(minimum bactericidal concentration) of the testmpmund was determined as
described in the previous section (antibacterisghgs

Antibacterial assay in complex mammalian fluids:The fresh sterile defiber sheep



blood was bought from a biochemical reagent comg&mna). Plasma was obtained
as mentioned above. Serum was isolated by usingnserbe containing sheep blood
and then centrifuging the blood at 3,500 rpm fondi. Methicillin-resistant S. aureus
(MRSA) was grown in way as mentioned in the micgamism and culture conditions.
Finally, MRSA was diluted with 50% Muller-Hinton dth (MHB) medium and 50%
mammalian media (serum, plasma, blood), indiviguialla way to give T0CFU/mL

of MRSA in 50% serum, 50% plasma, and 50% bloodi(tta50% MHB medium).
The test moleculétg) was dissolved in sterile water with the serialitidn method at
the concentration of (512g/mL, 256ug/mL, 128ug/mL, 64 ug/mL, 32 ug/mL, 16
ug/mL, 8 ug/mL, 4 ug/mL). Then 50uL of the dilutions was added to the wells of a
96-well plate and 15QiL of the bacterial suspension PLECFU/mL) was added
separately to the wells containing the dilutionghed compound4g). The plate was
then incubated for 20-24 h at 37 °C and minimuntdrazdal concentration of the test
compound was determined by plating the bactergpansion (2@L) directly from the
wells onto Muller-Hinton agar (MHA) plate. The agaates were incubated at 37 °C
for 20-24 h and colonies were observed to deterithiad/iBC.

Time-dependent killing: An overnight culture of bateri& aureus (ATCC 29213)
and E.coli (ATCC 25922) was diluted 1:10,000 in MHB mediundancubated at
37 °C with aeration at 225 rpm for 2 h (early exgtnal) or 5 h (late exponential).
Bacteria were then challenged with compourfdg) at 6xMIC and 8xMIC (a
desirable concentration at the site of infection§l &vo antibiotics vancomycin (12
ug/mL, Saureus) or moxalactam (12g/mL, E.coli) in culture tubes at 37 °C and 225
rpom. At different intervals, 10QL bacteria solution were removed to 96-well plate,
centrifuged at 4,000 rpm for 3 min (TDL 5M centgf) and resuspended in 100

of sterile phosphate buffered saline (1xPBS). Tdd-Eerially diluted suspensions
were plated on MHA plates and incubated at 37 °€might. Colonies were counted
and CFU per mL was calculated. Experiments werdopaed with biological
replicates.

Biofilm disruption assay (determination of viable ount and imaging): The

bacteriaS aureus and E. coli (4-6 h grown, mid-log phase) were diluted to >10



CFU/mL into suitable media (MHB fd8 aureus and M9 media supplemented with
0.02% casamino acid and 0.5% glycerol Eorcoli respectively). The 96-well plates
containing 10QuL of these suspensions were incubated under séai@onditions (for
about 24 h fofs aureusand 72 h foE. coli). After incubation, the bacteria suspensions
were centrifuged at 3,500 rpm for 5 min, the medwas removed and the wells were
washed with 1xPBS once. Compouf#d) (100 uL at 2, 4, 8, 16, 32, 64, and 128
pg/mL) was then added to the wells containing preém bacterial biofilms and
allowed to incubate for 24 h at 37 °C. A controlswaade where 100 pL of the above
medium was added. After 24 h, medium was discaasetlthe planktonic cells were
removed by washing with 1xPBS. Then 100 pL of tiy#8DTA solution was added to
the treated biofilm to make the suspension of etteells present within the biofilm.
Cell suspension was then assessed by plating tHeld Gerial dilutions of the
suspension on suitable agar plates. After 24 maidbation, bacterial colonies were
counted and cell viability was expressed as loglBU/well) along with the control.
For visualizing the disruption of biofilm by the athmolecules, Crystal Violet (CV)
staining[61] was done as described previously extegt the cells were grown in
24-well plates. The 24-well plates containing 1.6/well of these suspensions were
incubated at 37 °C for about 72 h. Wells were si@iwith 300 mL of 1.0 % crystal
violet dye, rinsed twice with 2 ml deionized watand thoroughly dried. For
guantification, 0.5 mL of 95 % ethanol were addedeach well. Plates were
incubated for one hour at room temperature wittkisiga Then take photos for these
wells.

Minimum biofilm eradication concentration (MBEC) assay[62]: Biofilm
eradication assays involve three phases separgtedsh steps, including (i) initial
biofilm establishment on well surfaces without tesmpound; (ii) biofilm treatment
with test compound; and (iii) recovery of viabl@tims in fresh medium alone. Both
assays were used to demonstrate the biofilm eraaficattivities of compoundqg.
Biofilm eradication assays were performed in 96-wkites, and microtitre wells were
inoculated with 10Q.L of a 1:1000-fold exponential-phaSeaureus andE. coli (10°
CFU/mL) and were incubated for 24 h at 37 °C. ARdrh, medium and planktonic



cells were removed and 100 of two-fold serial dilutions of test compound wadded

to the wells in fresh medium and was incubate®fbh at 37 °C (phase 2). After this
time, the contents were removed and fD®f fresh medium only was added to allow
viable biofilms to recover and to disperse planktdozicteria into the medium resulting
in a turbid microtitre well (24 h incubation at 3C; phase 3). After this final phase,
microtitre plates were examined for visible baetkegrowth (turbidity) and the MBEC
was recorded as the lowest concentration at whacturrbidity could be observed (due
to eradicated biofilms).

Minimum biofilm inhibitory concentration (MBIC) dete rmination [62]: In 96-well
plates, two-fold serial dilutions of test compoulgdvas added in MHB medium. Then,
1:1000-fold exponential-phaseaureus andE. coli (10° CFU/mL) in MHB was added
to each well and was allowed to incubate at 370t@4 h. After this time, the con-tents
from the 96-well plates were removed and the wed#ge rinsed with water, followed
by the addition of 10QL of 0.1% crystal violet to stain the biofilms (10mmncubation

at room temperature). The plates were then rineddL@0uL of ethanol was added to
dissolve the crystal violet stained biofilms. Minimweoncentrations required to inhibit
80% of biofilm formation (MBIGg) were determined (Ofay) by comparing compound
treated versus untreated wells and the resultirtg deere used to generate dose—
response curves using Spss 20.0. Note: these mgrdd were performed to determine
whether the antibiofilm activities of compoutgwere dependent on or independent of
their antibacterial activities.

Cytoplasmic membrane depolarization assayThe 4-6 h grown bacteria (mid-log
phase) were harvested (3,500 rpm, 5 min), washddesuspended with 1xPBS. (
aureus) and 5 mM HEPES buffer, 5 mM glucose and 100 mM E&ution at 1:1:1
ratio (E. coli). Then the bacterial suspension AC&U/mL, 150uL) was added to the
wells of a 96-well plate (Black plate, clear bottomith lid). Then 3,
3'-dipropylthiadicarbocyanine iodide (diSC35) (18I, 50 uL) was added to the wells
containing bacterial suspension and pre-incubaiealiout 30 min fof. aureus and
40 min forE. coli (additional 50uL of 200uM of EDTA was also added in casebf

coli). After the incubation, fluorescence was meastoethe next 8 min at every 2 min



interval at an excitation wavelength of 622 nmt(glidth: 10 nm) and emission
wavelength of 670 nm (slit width: 5 nm). Bactesakpensions were then transferred to
another well-plate containing 4t of 420 ug/mL of small molecules4@-4u) and
fluorescence intensity was monitored immediatelydioother 12 min at every 2 min
interval, the final concentration of small moleailéa-4u) was 20ug/mL. A control
experiment was performed by treating the preinadaiacterial suspension and dye
solution only with sterile Milli-Q water (5QL).

Outer membrane permeabilization assay:.The outer membrane permeabilization
activity of the small moleculggla-4u)was determined by the N-phenylnapthylamine
(NPN) assay. Mid-log phase bacteiia ¢oli) were harvested similarly as mentioned
in earlier experiments, washed and resuspendedadiynas the previous method.
Bacterial suspension (~1GFU/mL, 150uL) was transferred into the wells of a black
96-well plate. Then NPN dye (10M, 50 uL) was added to the wells containing
bacterial suspension and pre-incubated for abomi8Cfor S. aureus and 40 min for

E. coli. After the incubation, fluorescence was monitdoFdhext 8 min at every 2 min
interval at an excitation wavelength of 350 nmt(slidth: 10 nm) and emission
wavelength of 420 nm (slit width: 5 nm). Then, thacterial suspensions were
transferred to another black well-plate containittyulL of 420 ug/mL of small
molecules 4a-4u) and fluorescence intensity was monitored immetjatfor
another 12 min at every 2 min interval, the finahcentration of small molecules
(4a-4u was 20 ug/mL. A control experiment was performed by tregtithe
preincubated bacterial suspension and dye soluidy with sterile Milli-Q water
(50 pL).

Inner membrane permeabilization assayThe 4-6 h grown bacteria (mid-log phase)
were harvested (3500 rpm, 5 min), washed and resdgg similarly as the previous
method. Then the bacterial suspension {€U/mL, 150uL) was added to the wells
of a 96-well plate (Black plate, clear bottom widh). Then propidium iodide (PI) (10
uM, 50 uL) was added to the wells containing bacterial suspn and pre-incubated
for about 30 min fo& aureus and 40 min foE. coli. After the incubation, fluorescence

was measured for the next 8 min at every 2 mimvateat an excitation wavelength of



535 nm (slit width: 10 nm) and emission wavelengtl617 nm (slit width: 5 nm).
Bacterial suspensions were then transferred tchanetell-plate containing 10L of
420 pg/mL of small molecules and fluorescence intensi&#g monitored immediately
for another 12 min at every 2 min interval, theafinoncentration of small molecules
(4a-4u was 20 pug/mL. A control experiment was performed by tregtithe
preincubated bacterial suspension and dye solotgnwith sterile Milli-Q water (50
uL).

Propensity of bacterial resistance developmenin order to evaluate the propensity
of developing bacterial resistance towards the aamgs, one of the potent compound
(49) was used in the study. First, MIC of compoyrd) was determined againSt
aureus andE. coli, and subsequently the compound was challengeatextig at the
1/2 MIC level. Two control antibiotics norfloxaciand colistin were chosen &
aureus and forE. coli, respectively. In case of norfloxacin and colisthre initial MIC
values were determined against respective bactiter. the initial MIC experiment,
serial passaging was initiated by transferring dy@at suspension grown at the
sub-MIC of the compound/antibiotics (at MIC/2) ands subjected to another MIC
assay. After 24 h incubation period, cells growntla sub-MIC of the test
compound/antibiotics were once again transferredl assayed for MIC experiment.
The process was repeated for 20 passages forShatheus andE. coli respectively.
The MIC for test compound to the control antibistmwvas plotted against days to
determine the propensity of bacterial resistanceld@ment.

Hemolytic activity: Red blood cells (RBCs) were isolated from sheemdland
resuspended in 1xPBS (5%). RBC suspension (L5@Was then added to solutions of
serially diluted small moleculgga-4u)at the concentration of (5120, 2560, 1280, 640,
320, 160, 80, 40, 20, 1@/mL) in a 96-well plate (5QL). Two controls were prepared,
one 50uL RBC suspension (5%) and the other withghOof 0.1% solution of Triton
X-100. The plate was then incubated for 1 h at@7After the incubation, the plate was
centrifuged at 3,500 rpm for 5 minutes. SupernatB®d®uL) from each well was then
transferred to a fresh 96-well plate and absorbamicé40 nm was measured.

Percentage of hemolysis was determined as (AM-BAwa—Ao) X 100, where A is the



absorbance of the test welly As the absorbance of the negative control (5% RBC
suspensions), anddy the absorbance of wells with 0.1% Triton X-100).
Cytotoxicity study: Cytotoxicities of the small molecules were evaldabg the Cell
Counting Kit-8 (CCK-8). Briefly, 5x 18cells in 100uL medium were seeded to each
of 96-well plates. After 24 h incubation at 37 ke culture medium was removed and
replaced with fresh medium (1@Q) containing the candidate compoundg é&énd4k)

in different concentration. And only media was uasdegative control. At the end of
the treatment (24 h), the medium was discarded veashed twice with the new
culture medium, then added 10D new medium (with 5% CCK-8) to each well. Cells
were incubated at 37 °C for a further 4 h and ttiren absorbance at 450 nm was
measured using a Microplate Reader. Results wepeessed as percent viability =
[A-Ao | AncAg]l X 100%, where A is the absorbance of the treaits, Acis the
absorbance of the negative control angli®\ absorbance of the background (new
medium containing 5% CCK-8Y.he average 50% inhibitory concentrationsgGvas
determined from the dose-response curves accotditige inhibition ratio for each
concentration. Each concentration was analyzedphicate and the experiment was
repeated three times.

Fluorescence and electron scanning microscopyAs mentioned above for the
cytotoxicity study, cells were seeded into the welf a 12-well plate and then treated
with compounds4g and4k) at various concentrations (1, 2, 4, 8 anddifL). For
positive control 0.1% Triton X-100 was usedll the treated and untreated cells (as
negative control) were washed once with 1xPBSi(ttages were captured with a 10x
objective in electron microscope ) and stained RittM calcein AM (Fluka) and 4.5
uM propidium iodide (PI) (Sigma-Aldrich(p00uL of 1:1 calcein AM:PI) for 15 min at
37 °C under 5% C@95% air atmosphere. Finallyhe images were captured with a
10x objective in fluorescence microscope using redhzass filter for calcein AM at

500-550 nm and a long-pass filter for Pl at 590-860
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1)

2)

3)

4)

A series of dialkyl cationic amphiphiles bearing two same length lipophilic alkyl
chain and one non-peptidic amide bonds, were synthesized and tested for
antimicrobial activities.

The MIC values of the best compound 4g ranged from 0.5 ug/mL to 2 pg/mL
against al these strains.

Preliminary mechanistic studies suggested that these compounds were rapidly
bactericidal agents primarily acted by permeabilization and depolarization of
bacterial membrane.

Compound 4g was difficult to induce bacterial resistance and potential to combat
drug-resistant bacteria.



