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ABSTRACT: The synthesis, crystal structure, and antimicrolo@tyeare reported for a novel material comprising a 1:2 ratio of
chlorhexidine (CHX) toN-cyclohexylsulfamate (i.e., arél sweetener known as cyclamate). The chemical structure is
unambiguously idengid by incorporating a combination of single-crystal X+agtidon (SC-XRD), electrospray ionization mass
spectrometry (ESI-MSH nuclear magnetic resonance (NMR) spectroscopy, correlation spectroscopy (COSY), and attenuated
total re ection Fourier-transform infrared spectroscopy (ATR-FTIR). The new material: (1) is among only several reported
structures identd to date incorporating the vital chlorhexidine antimicrobial drug; (2) exhibits broad spectrum antimicrobial
activity at concentrations less thand/fL; and (3) provides a unique delivery method for the essential active pharmaceutical
ingredient. Furthermore, substitution of inactive gluconate with bioactive cyclamate counterion potentially provides the addition:
benet of improving the taste pie of chlorhexidine.

INTRODUCTION ve crystal structures of CHX salts have been reported in the

Chlorhexidine (CHX) is a chemical disinfectant and antisepti{€rature over the past 60 years despite its widespread use in
with broad antimicrobial activity against a variety of micradlobal healthcafe.

organisms including fungi and bactesiace its introduction In 2008, Dupont et al. reported the crystal structures of
in the 1950s, it has become increasingly ubiquitous in cosmetiomplexes between CHX and three anionic calix[4]arene
healthcare, and pharmaceutical industries as a preservatiegivatives) Nearly a decade later, in 2016, Cattaneo et al.
disinfectant, and antiseptic.CHX is widely used in mouth  reported crystallographic characterization of the hydrated salts
rinses for the prevention of plague formation and developmegf CHX with SG? and CQ? .** However, the ect of the

of glngllvm.§.ln fact, CHX was included in th&/orld I—l|’e'alth anion on the antimicrobial activity of CHX was not investigated.
Organization (WHO) Model List of Essential Meditites HFrein, we report the crystal structure of chlorhexidine

antiseptic (i.e., 5% digluconate solution) and neonatal umbilic L clamate as well as an investioation of the antimicrobial
cord care (i.e., 7.1% digluconate solution or gel) appli€ations. y 9

Because the neutral chlorhexidine molecule exhibits low wag&hVvity of dicyclamate (i.e., CHX-cyclamate or CHC) counter-
solubility (i.e., less than 0.1 gfli)is typically delivered as an —
aqueous dication g@HX) salt of an appropriate counterion Received: January 25, 2020 e oo

(Figure ). For example, water-soluble salts can be formed Iievised: May 3, 2020 -

protonating the guanidine groups with gluconic acid (i.eFublished:May 4, 2020
chlorhexidine digluconate), acetic acid, or hydrochloric acid.

Largely attributed to this low solubility and propensity to form

micelles in solution, CHX does not typically crystallize, and only
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Figure 1.Molecular structure of chlorhexidine-cyclamate salt.

ion as compared to digluconate (i.e., CHX-gluconate or CHG):1 molar ratio in accordance with charge balance considerations,
and dihydrochloride (i.e., CHX-HCI) counterparts. yielding a precipitate. The heterogeneous mixturéeved, washed

In some cases of chlorhexidine (digluconate) oral treatmeny§th copious amounts of water, and dried irf@ #&cuum. Synthesis
patients often report an initial unpleasant bitter taste, whil'% methanol was conducted by combining dilute solutions of

. - rhexidine dihydrochloride (0.2 wt %) and sodium cyclamate
prolonged use often produces taste disturbances which mayf §E4 Wt %) to );Chieve anal(solution c):omprising 0.1 \X/t %

13 H
for several hout$:“ The presence of these sideots may lead  chjorhexidine dihydrochloride and (chlorhexidine)(cyclarstie)

to reduced patient compliance and incomplete antimicrobighiometry. Slow evaporation of solvent yielded crystal formation.
e ect causing a reduction in overall treatmeca@y. In the  Although the syntheses in water and methanol yielded the same
current work, an artiial sweetener was utilized as a counteriomroduct Figure ¥, the crystals from the aqueous synthesis were used
for chlorhexidine in attempts to mitigate chlorhexidine sidér subsequent analyses.

e ects and thus enhance its oral treatment compliance. HenceGharacterization. X-ray diraction data were collected using a
the biologically inactive gluconate or acetate counterions dgiker D8 Venture PHOTON 100 CMOS system equipped with a Cu

; : ; : K~ INCOATEC ImuS microfocus source=(1.54178 A). The data
replaced by the bioactive and functional cyclamate anion. were collected at 100 K. Indexing was performed ARIEN3

S_O(_jium cyclamate is a relatively stable_ and inexpensge% erence Vectors methdd)Data integration and reduction were
artl_c?i%WBeet%ner _[:rodutcec:_ bly the %L_‘Il_iontat'on Ofkca/wdobhtetx érformed using SaintPlus 6:0JAbsorption correction was
amine. esides Its potential capability 10 mask the Ditteherformed by multiscan method implemented in SAD/ARBce

taste of CHX, it is known and well-studied that the combinatiogroup was determined using XPREP implemented in APEXS3.

of molecules can have an enhancing or synergisticon structure was solved using SHELXT (direct methods) and meab re
chemical and physical properties (e.g., antimicrobial ativity)using SHELXL-2017 *° (full-matrix least-squares of) farough

In fact, Cavicchioli et al. reported how the complexation dPLEX2 interface prograthAll non-hydrogen atoms werened
cyclamate with Ag(l) caused more than a 4-fold reduction ignisotropically. Hydrogen atoms were placed in geometrically
minimum inhibitory concentration (MIC) agaiNtcobacte- ~calculated positions and were included in theemeent process
rium tuberculosis compared to AgN® using riding model.

- . Infrared spectra were collected using a Bruker Vertex 70 FTIR
Because of the critical role that CHX plays in human healthsﬁectrometer (Bruker Optics, Billerica, MA) equipped with a

considerable amount of research has been devoted to uUndgfdiATR diamond ATR accessory (Pike Technologies, Madison,
standing its antibacterial mechaﬁ?sl&mtopm labeling studies wiI). The spectral range was 8000 cm* with a resolution of 4 cth
demonstrated that the uptake of CHX by bacteria occurs rapidill measurements were carried out at room temperature on as-prepared
reaching maximum binding at ca. 20 s, and is concentratigiamples.

dependent’ At low concentrations, CHX exts the intra- 'H NMR measurements were performed on 1 wt % samples in
cellular cytoplasmic merabe integrity, while at high deuterated dimethyl sulfoxide (DMSO) solution. All NMR spectra

concentrations it causes congealing of cytdpi@smihe ~ Were acquired on a Bruker Avance spectrometer (Higmin,
other hand. CHX has littleest Or?the ggrmina){igr?of bacterial Billerica, MA, USA) with a5 mm BBI probe operating at 500.0 MHz for

hibits | tivit inst . dtit H at 25°C. TheH NMR resonance of the compounds were further
Spores, exnibits low aclivity against many VIruses, aeduts e ssigned using the homonuclear shift correlation 2D NMR (COSY)

against mycobacteria is bacteriostatic. It is therefore highf\athod.

desirable to modulate the chemistry of CHX (e.g., conjugation antimicrobial Assays. Salmonella enteriovar Typhimurium

or complexation with other molecules) to discover synergistia2 2’ Staphylococcus autss300 LAGE andStreptococcus mutans

e ects. Clark (ATCC) were used to study theeet of chlorhexidine

compounds on surviv8l. entericand S. aureug/ere cultured in

Muller Hinton media (Sigma-Aldrich) é®&dmutansas cultured in

MATERIALS AND METHODS Reinforced Clostridial Media (Oxoid). Stock solutions for chlorhex-

Synthesis. Synthesis of CHX-cyclamate was carried out in botlidine2HCI (CHX-HCI; 2.2 mg mLY) and chlorhexidine cyclamate

methanol and water environments. Chlorhexidine digluconate (20 (€HC; 2 mg mL?Y) were prepared by dissolving the compounds in

%), chlorhexidine dihydrochloride, and sotlivayclohexylsulfamate  DMSO prior to use. Chlorhexidine gluconate (CHG; 2 m§) mvas

(referred to as sodium cyclamate herein) were supplied by Signmmevided as a 19% w/v solution and further diluted in deionized water.

Aldrich (St. Louis, MO). All materials were used as received by the Growth analyses were conducted as previously described with slight

manufacturer without further pastion. alterationé? Single bacterial colonies were inoculated into 2 mL of
The aqueous synthesis entailed dropwise addition of an aqueous Iweidium in 10 mL capacity culture tubes. Inoculated cultuses of

% sodium cyclamate solution to a 20 wt % CHG solution, to achieveaareuandsS. enteria@ere grown aerobically at°&/with shaking at
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(@) (b)

Figure 3.(a) The S-shaped CHX coils and (b) depiction of thid GCI hydrogen bonding interactions.

200 rpm for 24 IS. mutansas cultured statically for 48 h. End-point also present which was modeled as a water molecule (atom O1)
minimum inhibitory concentrations (MICs) were determined foryith an occupancy 00.5. The hydrogen atoms of the water

CHX-HCI, CHC, and CHG using the broth microdilution method ¢4 not be modeled accurately. The unit cell parameters and
from Clinical and Laboratory Standards Insfft@eernight cultures . - - .
p Crystallographic details are listethinle S1

were standardized, in triplicates, to 0.5 McFarland standaygs-(O . . .
0.1). MICs were determined in cultures grown in 96-well microtiter 1Ne overall structure consists of a symmetrically diprotonated
plates. 100L of the standardized culture was subcultured into wel€HX molecule surrounded by two cyclamate ugsre 2,
containing 100L of medium containing the antimicrobial compound. and the structural formula can be described 8, Cl,] -

Control wells containing 200 of media only or media with [C;H,40,S],. The CHX molecules adopt a spiral conformation
antimicrobial compound were used to standardize the data. Thg opserved in previous reported structures with the simple

microtiter plates were aerobically incubated staticaljCatT3veS. 2 - - ) .
aureusndS. enterigaultures were analyzed after 20 hSamautans CO;” and SQ2 anions, but instead of the U ShapedjﬁOIIS,

was analyzed after 48 h. Culture optical densiig Were they arrange into S-shaped cBilgyre a). The two Cl ends of

determined using a Biotek EPOCH 2 microplate reader. the CHX are antiparallel to each other and show weéakd
hydrogen bonding interactions (3.168 &jth the hydrogens
RESULTS AND DISCUSSION of the cyclamate ringigure B).

: : ; he SQ anions from the cyclamate ring form strong to
Synthesis of CHX-cyclamate was carried out in agueous and ;
organic (i.e., methanol) solvent using commercially availatjli?derate hydrogen bonds (2.08906 A) with the NH/

precursors. Initial observation of CHX-cyclamate salt formati®¥f2 groups (2.064/2.153 A, respectively) of three adjacent
occurred upon mixing the cationic chilorhexidine precursofdllorhexidine cations all arranged in a left-handed conformation.

with sodium Cyc|amate’ which y|e|ded precipitation. Each CHX unit interacts with four CyClamate units, and each of
The single crystal X-ray miction (SC-XRD) analysis, the cyclamate units shows interaction with two cyclamate units.
carried out at 100 K, shows that CHX-cyclamate crystallizes!fierestingly, the cyclamate molecules also show strong
the monoclini®2;/c space group. The asymmetric unit consistdiydrogen bonding among each other whereby the oxygens of
of half a molecule of protonated chlorhexidine (CHX) catiorthe SQ of one cyclamate interacts with the hydrogens from the
and one molecule of cyclamate anion. A disordered solvent i€H, of the other cyclamate, forming dimers extending along
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(b)

(d)

Figure 4(a) The cyclamate showing interaction with three CHX units; (b) the cyclamate dimer; (c) extension of dimecsaalsnartti€d)
alternating cyclamate molecules alongadhes.

the caxis. Adjacent cyclamate molecules alternate with tii®.319 1.363 A) indicating resonance between the protonated
sulfonate groups pointing at opposing ends giving rise to tiiems. The selected bond lengths and angles are summarized in
dimer network along theaxis. The oxygen atom in the water Tables S2 and S&spectively.
molecule also shows hydrogen bonding with the hydrogens fronfigure 7compares the infrared absorption spectra of CHX-
the unprotonatedNH, of the CHX. All these dérentkinds of ~ cyclamate samples prepared in twarelnt solvents (methanol
hydrogen bonding interactidhare represented Figure 4 and water) to the sodiuNcyclohexylsulfamate, chlorhexidine
The resulting structure with alternating CHX coils anddihydrochloride, and lyophilized chlorhexidine digluconate raw
cyclamate dimers gives rise to a three-dimensional netwaniaterials. The presence of both components (i.e., chlorhexidine
with extensive hydrogen bonding. The structural arrangemenaisd cyclamate) is immediately apparent in the spectra of CHX-
signi cantly dierent from the analogous sulfonate-derivatizedyclamate samples. As an example, chlorhexidine bands
calixarenes that are arranged into bilayers and form inclusicorresponding tolC C), (C N), and (NH,) vibrations
complexes with CHX The packing arrangement is depicted inare clearly evident in the region above 1480xmere sodium
Figures &nd6. cyclamate has no infrared absorpfioh. Similarly, NH

No signicant interactions were observed in the stretching vibrations of -NH,NH, and NH functional groups
structure. The CN bond lengths within the biguanidine units of chlorhexidine can be ideet in the 30003500 cm? high
of CHX showed some delocalization of single and double bonfilsquency range. The cyclamate component is manifested, for
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3,

Figure 5.Packing arrangement showing the network formation with CHX coils and cyclamate dimers.

instance, by the two prominent sets of bands near the 1030 asignals of methylene protons of CHX at 1.04, 1.46, and 3.06
1170 cm' region, associated with as/sym,jSirations'>*’ ppm. In addition, the methylene protons of the cyclohexane ring
Evidence of both precursors in the prepared samples along withcyclamate were idemtil at 1.16, 1.61, 1.88, 2.87 ppm.
the fact that the vibrational bands are signily dierentin  Because the line broadening is greater than the proton-carbon
their shape and positions from the initial raw materials suggesgalar coupling, the proton peaks directly coupled with carbon
the formation of the salt between chlorhexidine and cyclamgfgyre not well observed. COSY was further performedrmcon

ions. Finally, comparison of the spectrum of CHX-cyclamajfs heak assignment of the NMR spectrum. According to peak
synthesized in methanol versus water reveals that the Ty

samples display overall similar vibrationalepravith some ?egrals inFigure 8 the stoichiometric ratio between
npl ISplay. : . ationalep S o chlorhexidine and cyclamate is 1:2.
variations in their relative banidsensities likely originating

from the small derences in the purity and local structure of the The ability of CH).('HCI’ CHC, and CHG to inhibit the
two samples. growth of the bacterial pathog&taphylococcus auté\G,

1H NMR spectroscopyF{gure § and COSY Figure Sp Streptococcus mytandSalmonella entesesovar Typhimu-

con rmed that both chlorhexidine and cyclamate exist in thEUm was examined. aureusAC is a Gram-positive
crystal dissolved in DMSO. THé NMR chemical shifts ~community-associated methicillin-resistant CA-MRSA strain

corresponding to speci protons of chlorhexidine and and a representative strain of the USA300 clone, which is a
cyclamate are indicatedFigure 8 Specically, theH NMR leading cause of skin and soft tissue infections in North
spectrum showed the presence of signals for the benzene ringosrt)faricé.8 S. mutanss also Gram-positive and the leading
CHX, resonating at 7.34 and 7.38 ppm, as well as characteristicses of dental carieSalmonella entersesovar Typhimu-
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Figure 6.View of packing along the (100) plane showing alternating cyclamate units.

cyclamate counterparts exhibited parityaey versus the oral
strain S. mutansCHX-cyclamate was slightly lessctive
againsk. aurewand more so agaittenterichlevertheless, all

of the three tested compounds were on the same order of
e cacy with ecient Gram-positive and Gram-negative bacteria
inhibition at ppm concentration levels. On the basis of this data,
we posit that the cyclamate counterion does not deactivate
chlorhexidirie antimicrobial mode of action. The MIC values
for CHX-gluconate are in good agreement with those reported
in the literaturé.

CONCLUSION

A novel analogue of an essential antimicrobial drug chlorhex-
Figure 7.FTIR spectra of sodiuNrcyclohexylsulfamate, CHX-HCI, idine digluconate was synthesized, characterized, and evaluated
CHX-gluconate, and CHX-cyclamate crystals prepared from methafet its antibacterial properties. Substitution of the biologically
and water. Spectra arset for clarity. inert gluconate anion with the bioadiveyclohexylsulfamate,

an arti cial sweetener known as cyclamate, counterpart yielded a
rium is a Gram-negative and a primary enteric pathogenaterial that can potentially enhance the tastée pubile
a ecting humarf¥. maintaining parity antimicrobial Gacy againss. mutans

The MICs of CHX-cyclamate, CHX-gluconate, and CHXyyjch is known to cause dental caries. The novel material is an

HCl were determined in a liquid culture after static growth. Al hortant progression to the solid state understanding of an
of the three bacteria displayed typical desponses to the indispensable biocide that does not easily crystallize under

compounds utilizedrgure @,b andrigure SB The MICs for o
CHX?cycIamate, CH()%—quconate, a?\d CH)E-HCI arereported ipormal condition’. Moreover, the newly developed technol-

Table landTable S4or S. mutans, S. aureusiS. enterica  °9Y furthers our understanding of CHX and paves the way for
CHX-HCI demonstrated the lowest MIC values for all testedurther research to improve the current leading antimicrobial
bacteria, potentially due to the additional cellular toxicitjreatment in a worldwide campaign to promote oral and overall
provided by the coordinated strong acid. The gluconate arbalthcare.
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Figure 8.H NMR spectroscopy of crystal dissolved in deuterated DMSO.

Figure 9.MIC assays for CHX-cyclamate, CHX-gluconate, and CHX-HCI vthr{a)arsnd (b)S. aureus

Table 1. MIC Values for CHX-Cyclamate, CHX-Gluconate, try, correlation spectroscopy (COSY¥) nuclear
and CHX-HCI magnetic resonance, X-rayralition, PXRD, selected
) Tl e ) (L) bond lengths and angles; antimicrobial as¥ais (
compound S. mutans g mL %) S. aureys g mL %) Accession Codes
CHX-HCI 15 20 CCDC 197995Zcontains the supplementary crystallographic
CHX-gluconate 25 35 data for this paper. These data can be obtained free of charge via
CHX-cyclamate 25 50 www.ccdc.cam.ac.uk/data_requestbrifby emailinglata

request@ccdc.cam.ac.0k by contacting The Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: +44 1223 336033.
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