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The noncovalent host—guest interaction of sanguinarine (SGR), a benzophenanthridine alkaloid, with
a nontoxic, water soluble sulfobutylether-B-cyclodextrin (SBE;BCD, commercially available as Captisol)
macrocyclic host has been investigated using ground-state optical absorption, and steady-state and
time-resolved fluorescence measurements. The pH-dependent changes in the absorbance of the dye at
327 nm showed a pK, value of 7.5, which has been shifted to 8.1 in the presence of SBE;BCD. The
changes in the pK, values, absorption and fluorescence spectra, and fluorescence lifetime values of
these two forms of SG with SBE;BCD indicate complex formation between them. The cationic form
shows 3 times higher interaction towards SEB,BCD (K = 1.2 x 10* M%) as compared to the neutral form
(K = 3.9 x 10°> M%) which leads to a moderate upward pK, shift (pK, values of SGR shifted by more than
0.6 units). The subsequent fluorescence “turn off" was demonstrated to be responsive to chemical
stimuli, such as metal ions (Ca2* ions). Upon addition of Ca* ions, nearly quantitative dissociation of the
complex was established to regenerate the free dye and result in fluorescence “turn on”. Apart from
improving the stability under ambient light conditions, the upward pK, shift of SGR in the presence of
SBE;BCD results in increasing the antibacterial activity of the SBE;BCD:SGR complex compared to that of
the free dye towards four pathogenic micro-organisms at the physiological pH range. This work further
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Introduction

Modulation of the photophysical properties achieved through
noncovalent host-guest interaction has triggered a lot of
research interest among scientists owing to their potential
applications in sensors,' aqueous dye lasers,”> organic elec-
tronics,® optical switches,* drug delivery,® etc. Of late it has been
observed that the antibacterial activity/shelf-life of drug mole-
cules increases substantially in the presence of macrocyclic
hosts either by increasing the photo- and thermal stability or by
modulating the pK, of drug molecules.®” The increase in the
antibacterial activity leads to a reduction in the minimum
inhibitory concentration (MIC), which is very promising for
practical use.
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compares SGR interaction with parent B-cyclodextrin.

Sanguinarine (SGR) is a benzophenanthridine alkaloid that
exhibits several biological effects, especially antimicrobial, anti-
inflammatory and anti-cancer properties.® It has been used in
dental hygiene products and feed additives.” SGR has also been
found to inhibit the growth of human cervical cancer cells
through the induction of apoptosis.” A critical limitation of its
medicinal application stems from its poor solubility (<0.3 mg
ml~" or 0.9 mM at 298.15 K).'® Depending upon the pH of the
solution, SGR exists in two different forms, iminium (SG*, the
therapeutically active form) and alkanolamine (SGOH, inactive
form) in water with a pkK, value of ~7.5.”"* The poor solubility
and the conversion of ~50% to the inactive SGOH form at
physiological pH of 7.4, limit its use for biomedical applica-
tions, especially, for the antibacterial activity.” Different
research groups have made efforts to enhance its antibacterial
activity either by modifying its structure' or by introducing
macrocyclic hosts” or addition of other antibiotics such as
vancomycin/streptomycin along with EDTA to get cumulative
enhancement.” In a recent study, we have shown the enhanced
antibacterial activity of SGR towards a multi-drug resistant
bacteria by introducing calixarene-capped silver nano-
particles.” The physicochemical properties including

This journal is © The Royal Society of Chemistry 2020
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Chart1 Chemical structures of the prototropic forms of SGR (SG* and
SGOH) and the macrocyclic hosts, sulfobutylether-B-cyclodextrin
(SBE;BCD) sodium salt and B-cyclodextrin (BCD).

thermodynamic parameters of SGR with a-, -, and y-cyclodex-
trins have been reported by Hazra and co-worker." Whereas,
Biczok et al. have established the stabilization of SGR by
cucurbit[7]uril (CB7) host by inhibiting the nucleophilic attack
and photooxidation of SGR and effecting its release from CB7
cavity by controlling the pH of the solution.*®

On the other hand, supramolecular host-guest interaction of
water soluble sulfobutylether-B-cyclodextrin macrocycle (SBE,-
BCD; or Captisol) with organic guests (fluorescent dyes/drugs)
has obtained enormous research interests in recent years
owing to their several applications such as excipients in drug
formulation,'® for constructing stimuli-responsive on-off fluo-
rescence sensor,'” aqueous dye laser systems,> as amyloid fibril
inhibitor*® and supramolecular photosensitizer.'* Having seven
extended negatively charged sulfobutyl ether arms available at
both the portals of BCD, the SBE,BCD is found to be very
effective in modulating the molecular properties of cationic
dyes/drugs through efficient host-guest interaction. In this
work we have employed SBE,BCD macrocyclic host to modulate
the photophysical properties as well as the antibacterial activity
of SGR against two Gram negative: Escherichia coli (E. coli) and
Salmonella typhimurium (S. typhimurium) and two Gram posi-
tive: Bacillus cereus (B. cereus) and Staphylococcus aureus (S.
aureus) pathogenic bacteria. The results are also compared with
the parent p-cyclodextrin host. The chemical structures of san-
guinarine, SBE,BCD and BCD are provided in Chart 1.

Experimental
Materials

Sanguinarine chloride hydrate and sulfobutylether-B-cyclodex-
trin (SBE,BCD) sodium salt with a degree of substitution of 6.4
were procured from Advent ChemBio Pvt. Ltd., India and used
as received. The concentration of SGR solution was determined
spectrophotometrically using its molar absorption coefficient
(e =30700 M~* em ™" at 327 nm in acidic aqueous solution).*?
Nanopure water (Millipore Gradient A10 System; conductivity of
0.06 pS cm™ ') was used to prepare the sample solutions. Luria
Bertani broth, Luria agar, phosphate buffered saline were from
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HiMedia, Mumbai, India; 2,3,5 triphenyl tetrazolium chloride
dye from Sigma chemicals.

Spectroscopic measurements

Optical absorption spectra and steady-state fluorescence
spectra were recorded with a Shimadzu UV-Vis-NIR Spectro-
photometer (UV-3600 plus, Tokyo, Japan) and FS5 spectrofluo-
rometer (Edinburgh Instruments, UK), respectively. For steady
state fluorescence measurements the samples containing SG* or
SGOH forms were excited at isosbestic points (354 nm for SG")
or at 340 nm for SGOH, where the changes in the absorbance
were minimum in the absorption spectra. The time-resolved
fluorescence measurements were carried out using a time-
correlated single photon counting (TCSPC) set-up from
Horiba Scientific (UK). In the present work, a 445 nm diode laser
(100 ps, 1 MHz repetition rate) and 339 nm (<1 ns, 1 MHz
repetition rate) were used for the excitation of SG" and SGOH
forms, respectively. A reconvolution procedure was used to
analyze the observed decays, which could be satisfactorily fitted
by mono- or biexponential decay functions. The fluorescence
decays [I(t)] were analyzed in general as a sum of exponentials,*

I(1) = Biexp(—/t;) 1)

where, B; and 1; are the pre-exponential factor and fluorescence
lifetime for the /™ component, respectively. Reduced chi-square
(x?) values (within 1.00-1.20) and random distribution of the
weighted residuals among data channels were used to judge the
acceptance of the fits.

For anisotropy measurements, samples were excited with
a vertically polarized excitation beam, and the vertically and
horizontally polarized fluorescence decays were collected with
a large spectral bandwidth of ~32 nm. Using these polarized
fluorescence decays, the anisotropy decay function, r(t), was
constructed as follows?

Iy(t) — GIu(1)

"0 = 1 261,00

(2)

Ly(t) and Iy(t) are the vertically and horizontally polarized
decays, respectively, and G is the correction factor for the
polarization bias of the detection setup. The G factor was
determined independently by using a horizontally polarized
excitation beam and measuring the two perpendicularly polar-
ized fluorescence decays; measurements were repeated three
times.

Isothermal titration calorimetric (ITC) measurements. ITC
measurements were carried out using a Microcal iTC 200 from
Malvern, UK. 200 uM of dye solution in the sample cell was
titrated by adding consecutively 19 injections of 2 ul of 200 uM
of SBE,BCD at pH 6.5 in phosphate buffer (10 mM) and at 25 °C.
The first data point was removed from the data set prior to curve
fitting with Origin 7.0 software. Thermodynamic parameters of
the complex formation were also evaluated using the estimated
binding constant value and molar reaction enthalpy (AH).

Antibacterial activity measurements. Antibacterial assay was
carried out using 96-well Microtiter plates to determine the
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minimum inhibitory concentration (MIC) which is defined as
the lowest concentration of drug or antibacterial agent at which
there is no visible growth of bacteria. The bacterial growth was
confirmed visually by using 2,3,5 triphenyl tetrazolium dye.
Standard bacterial cultures B. cereus (MTCC 430), S. aureus
(MTCC 96), E. coli (ATCC 35218), S. typhimurium (MTCC 98) were
used as the test bacteria.

The cells were inoculated from glycerol stock on Luria agar
plate and loopful transferred to Luria Bertani broth and 50 pl was
inoculated in fresh 5.0 ml broth incubated at 35 & 2 °C on shaker
220 rpm for 18 h. These were then diluted to obtain a bacterial
culture of 1 x 107 cfu ml™* equal to turbidity of 0.5 McFarland's
standard and used as working solution. 100 pl Luria broth was
added to all the wells. 100 pl of sample was added to the first well
and serially diluted two-fold from (80-2.5 uM) up to 6™ well. 10 pl
of either E. coli or B. cereus was added. 7™ and 8™ well served as
positive and negative controls respectively. The plate was incu-
bated for 18 h at 35 + 2 °C with shaker at 220 rpm. 20 pl of
tetrazolium dye was added to each well and further incubated for
20 minutes at 35 =+ 2 °C. The change in colour of the dye indicates
bacterial growth.

Results and discussion

Absorption spectral characteristics of sanguinarine with
SBE,BCD

SGR is a highly conjugated aromatic planar molecule. In
aqueous solution, it exists in two different prototropic struc-
tures, namely cationic (SG') and neutral (SGOH) forms
depending on the pH of the solution. At pH ~6.5, the proton-
ated SG* form of the dye prevails and showed a characteristic
absorption spectrum in the UV-Vis range of 280-600 nm
(Fig. S1, ESI}) having a strong and sharp absorption peak at
~327 nm and a broad one around 470 nm.">** The peaks at 327
and 470 nm correspond to the K and B absorption bands of the
aromatic chromophore and the conjugated double bond,
respectively, and arise due to the mw-m* transitions of the
molecule.'®*" At higher pH ~9, the SGOH showed absorption
peak at ~327 nm having no absorption band above 360 nm.** To
account for this protolytic change and to estimate the pK, of
sanguinarine, the changes in the absorption spectra of the dye
as a function of the pH of the solution are measured and are
shown in Fig. S1, ESL.T The ground-state pK, value estimated
from the fitted curve of the data (¢f. solid curve in the inset of
Fig. S1, ESIf) was 7.5 £ 0.1 and is in good agreement with the
reported values in the previous studies.™**

In view of the pK, value of 7.5 for the SGR dye, the interac-
tions of two prototropic forms of SGR with SBE,BCD have been
investigated at two pH values 6.5 and ~10.0. On gradual addi-
tion of SBE,BCD to the SG' in phosphate buffer solution at pH
6.5, the strong and narrow absorption band showed very small
bathochromic shift (327 nm to 329 nm) along with hypochromic
shift and got saturated with about 360 uM of SBE,BCD (Fig. 1A).
Similarly as shown in Fig. 1B, upon addition of SBE,BCD to the
SGOH solution at pH 10 (in bicarbonate buffer), only a very
small (~2 nm) hypsochromic shift in the absorption peak was
observed. These results show that prominent changes were
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Fig. 1 (A) Absorption spectra of sanguinarine at different concentra-
tions of SBE,BCD at pH 6.5. [SBE;BCDI]/uM: (1) 0.0, (2) 1.8, (3) 3.6, (4)
9.7, (5) 24.1, (6) 43.0, (7) 65.3, (8) 94.0, (9) 149.0, (10) 208.6, (11) 275.0
and (12) 360.0. (B) Absorption spectra of sanguinarine at different
concentrations of SBE,BCD at pH 10. [SBE;BCD]/uM: (1) O, (2) 24, (3)
50, (4) 99, (5) 196, (6) 990 and (7) 1234.

observed in the absorption spectra of sanguinarine at pH 6.5
indicating significant interaction between SBE,BCD and SG'.
Whereas, only nominal changes in the absorption spectra at pH
10 shows weak interaction between SBE,BCD and SGOH. It may
be noted here that both the forms of sanguinarine (pH 6.0 and
10.0) showed only negligible changes in their absorption
spectra in the presence of the BCD host, indicating weak
interactions between them (Fig. S2A and B, ESI).

Fluorescence spectral characteristics of sanguinarine with
SBE-CD

The fluorescence characteristics of these two prototropic forms
of sanguinarine with SBE,;BCD have been investigated. At pH
6.5, SG* displayed a broad emission spectrum (475-800 nm)
with a peak at 607 nm.™ Upon addition of SBE,BCD to the SGR
in phosphate buffer at pH 6.5, the fluorescence spectra dis-
played red shift in the peak position (5 nm) along with
considerable decrease in the emission intensity (Fig. 2A) and
became saturated at ~360 uM of SBE,BCD. At pH 10.0, SGOH in
bicarbonate buffer solution displayed fluorescence spectrum in
the wavelength range of 350 nm to 600 nm with a peak at
415 nm." Strikingly, the emission band showed a significant
increase in the fluorescence intensity along with a blue shift
(~27 nm) in the peak position upon addition of SBE,BCD
(Fig. 2B). From the plot of these intensity changes, the binding
constant values estimated by using a modified Benesi-Hilde-
brand equation® (Method M1, ESI) are (1.2 4 0.1) x 10* M~ for
SBE,BCD:SG", (3.9 + 1.0) x 10° M ' for SBE,BCD:SGOH
complex (Insets of Fig. 2). This result also specifies that SG"
exhibits ~3-fold stronger interaction with SBE,BCD as
compared to the interaction of SGOH with SBE,BCD.

Correspondingly for the comparison, the fluorescence char-
acteristics of these two prototropic forms of sanguinarine with
BCD host have also been investigated. Fig. S3A and B,{ ESI are
the fluorescence spectra of SGR with varying concentration of
BCD at pH 6.0 and 10.0, respectively. The binding constant
values estimated by using the modified Benesi-Hildebrand
equation are (1.4 4 0.6) x 10> M for the BCD:SG", (1.0 % 0.3)
x 10* M™! for the BCD:SGOH complex. In contrast to the
interaction of SBE,BCD, this result indicates that SGOH shows
10 times higher interaction with BCD as compared to the
interaction of SG* with BCD.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (A) Fluorescence spectra of SG* at different concentrations of

SBE;BCD at pH 6.5. [SBE;BCDI]/uM: (1) 0, (2) 1.8, (3) 3.6, (4) 9.7, (5) 24.1,
(6) 43.0, (7) 65.3, (8) 94.0, (9) 149.0, (10) 208.6 and (11) 275.0. (B)
Fluorescence spectra of SGOH at different concentrations of SBE,CD
at pH 10.0. [SBE;BCDI]/uM: (1) 0, (2) 24, (3) 50, (4) 99, (5) 196, (6) 498, (7)
990 and (8) 1234. Insets show the binding isotherms for the respective
systems.

Isothermal titration calorimetric measurements

To further validate the proposed complex formation, isothermal
titration calorimetric (ITC) measurements have been carried out
to obtain the thermodynamic parameters. From the heat
evolved during the titration the plot of integrated heat profile
versus the mole ratio has been generated and are presented in
Fig. 3. The ITC data obtained for SBE,BCD:SG" and SBE,-
BCD:SGOH systems (Fig. 3) show good fittings with one-set-of-
sites model indicating a 1: 1 complex formationwith binding
constant values of (1.3 £ 0.1) x 10* M™" and (0.9 + 0.3) x 10°
M™%, respectively, which match well with the binding constant
values obtained from the fluorescence titration data. The
change in free energy values evaluated from enthalpy and,
entropy values for these complexation processes for both SG*
and SGOH forms with SBE,BCD are —5.6 kcal mol ' and
—4.4 keal mol ™", respectively and are energetically favourable.

Effect of SBE,BCD on the acidity constant (pK,) of
sanguinarine

Substantial changes in the protolytic equilibrium of the included
guests are often come across in the host-guest interactions due to
the preferential binding of one of the prototropic forms with the
host.” The advantages of such pK, shifts are vast and have been
assessed for several applications.”**® Upward pK, shifts are usually
observed for weakly basic molecules in the presence of cation-

This journal is © The Royal Society of Chemistry 2020
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Fig.3 Upper panels show the raw data for the titration of 200 uM SG*
with 2 mM SBE,BCD at pH 6.5 in phosphate buffer (10 mM) (A) and 200
uM SGOH with 4 mM SBE,;BCD at pH 9.0 (B) at 25 °C, showing the
calorimetric response as successive injections of the host are added to
the sample cell. Lower panels of (A) and (B) show the integrated heat
profile of the calorimetric titrations. The solid line represents the best
nonlinear least-squares fit to a sequential binding-site model.

receptor or hydrogen bond-acceptor hosts, while downward pK,
shifts are expected for anion-receptor, hydrogen bond donor host
molecules or those offering a nonpolar cavity.** In this context,
effect of SBE,;BCD on the acid-base characteristics of sanguinarine
was investigated by following the changes in the absorption
spectra of the dye with varying pH, in the presence of 2 mM
SBE,BCD (Fig. 4). In the present case, assuming the complexation
of both the forms of the dye with SBE,BCD, it appeared reasonable
that the protolytic equilibria of the dye would follow a four-state
model (Scheme 1) K, and K, represent the acid dissociation
constants for the uncomplexed and complexed dye, respectively,
and K.q' and K.’ represent the binding constants for the SG" and
SGOH forms of the dye with SBE,BCD. So, one can calculate the
pK, value of the complex from the independently determined
binding constants for the protonated and the neutral forms and
the pK, value of the unbound dye using eqn (3). A resulting pK,
value of 8.0 thus calculated, suggests an adequate upward pK, shift
by 0.5 units.

K. = K,K.,'(SGOH) / K.2(SG") 3)

This upward pK, shift calculated is further verified from the
spectrophotometric pH titrations of sanguinarine both in the
absence and presence of 2 mM SBE;BCD, with changing the pH of
the solution. A higher SBE,BCD concentration (2 mM) was
employed to ensure virtually quantitative binding of both the
prototropic forms of the drug with SBE,BCD. The absorption
spectral changes are significant at ~470 nm in the investigated pH
range from 4-10 as shown in Fig. 4A and S1.f From this, the OD
changes at ~470 nm versus pH has been plotted and the pK, curves
for the dye in the presence of SBE,BCD has been obtained (Fig. 4B
and inset of Fig. S1, ESIf). The pK, value obtained from the fitted
curve is about 8.1 which matches well with the value obtained from
the four-state model of Scheme 1. As discussed before in the light

RSC Adv, 2020, 10, 25370-25378 | 25373
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Fig. 4 (A) Absorption spectra of sanguinarine in the presence of 2 mM
SBE,BCD at different pH values. pH: (1) 3.5, (2) 4.0, (3) 4.5, (4) 5.0, (5)
5.5, (6) 6.0, (7) 6.5, (8) 7.0, (9) 7.5, (10) 8.0, (11) 8.5, (12) 9.1, (13) 9.5, (14)
10.0. (B) pK, curve of SGR in the absence (a) and presence of SBE;CD
(b) and BCD (c) (variation in absorbance with pH at 470 nm).

Keg!
H* + SGOH + SBE,BCD <g————==SBE,BCD:SGOH + H*
Ky K
Keg?

SG++SBE7BCD ‘ﬁ SBE7BCDZSG+

Scheme 1 Four-state thermodynamic model.

of binding constant values, the cationic form of the dye (SG")
preferentially binds to SBE,BCD to form the inclusion complex,
whereas its neutral form, SGOH, exhibits only a moderate inter-
action towards SBE,BCD. Therefore, the reasonable increment in
the pK, values of SGR from ~7.5 to ~8.1 (Table S1, ESIf) in the
presence of SBE,BCD is in line with the stabilization of the SG* by
the SBE,BCD cavity as compared to the SGOH. On the other hand,
the pK, value of SGR decreases by ~0.95 unit (from 7.5 unit to 6.55,
Fig. 4B, S4 and Table S1, ESIT) in the presence of 2 mM BCD host
and matches well with the pK, value of 6.65 obtained from four-
state model corresponding to BCD host. This result indicates
that SGOH form gets stabilized by the hydrophobic interaction
imparts by the cavity of fCD.

Time-resolved fluorescence and anisotropy studies of
sanguinarine in presence of SBE,BCD

Fluorescence lifetime measurements of both the forms of SGR
has been carried out to explore the effect of SBE,fCD and BCD

25374 | RSC Adv, 2020, 10, 25370-25378
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Fig. 5 (A) Lifetime decay traces of SG* form at different concentra-
tions of SBE,BCD at pH 6.5. [SBE,BCDI]/uM: (1) 0, (2) 12, (3) 74, (4) 192
and (5) 350. Aex = 445 nm, Aem = 605 nm. Inset: anisotropy decay
traces of SG* in the absence (1) and presence of BCD (2) and SBE;BCD
(3). (B) Lifetime decay traces of SGOH form in the absence (1) and
presence (2) of 1.2 mM of SBE;BCD at pH 10. Aex = 339 nm, Aem =
380 nm.

macrocyclic hosts on the excited states of the SGR at preset pH
conditions. At pH 6.5, the decay trace of the protonated form of
SGR recorded at 605 nm apparently shows a single exponential
fitting with lifetime about 2.28 ns (Fig. 5). Upon gradual addi-
tion of SBE,BCD to the SG' solution, the decay trace becomes
biexponential with the contribution of a short lifetime about
~0.84 ns (24%) along with the contribution from the free dye
(Fig. 5A and Table S2, ESIt). Accordingly, the average lifetime of
SG' decreases from ~2.28 ns to 2 ns in the presence of 350 UM
concentration of SBE,BCD. Whereas, only a slight decrease in
the average lifetime (2.28 ns to 2.17 ns) is observed in the
presence of 2.9 mM of B-CD host at pH 6.0 (Fig. S5 and Table S2,
ESIt). Similarly, the changes in the excited state lifetime of
SGOH is also probed at pH 10 in the absence and presence of
SBE,BCD and BCD hosts. Unlike the SG* form, SGOH displayed
relatively longer excited state lifetime of ~3 ns when probed at
~380 nm, corresponding to its emission maximum. Moreover,
contrary to the decrease of the lifetime values as observed for
SG', the SGOH in presence of SBE,BCD displayed an increase in
the lifetime value to 5.11 ns (97%) with a contribution of 2.25 ns
(3%) with the addition of 1.2 mM of SBE,BCD as shown in
Fig. 5B (Table S2, ESIf). Further it is interesting to note that
SGOH displayed a lifetime of ~5 ns in presence of 1 mM BCD as
well (Fig. S5 and Table S2, ESIT), in accordance to the similarity
in binding interactions, discussed before.

Further, the formation of the host-guest complex can also be
confirmed from the change in the size of the fluorescing guest
due to host-guest interaction. In this regard, fluorescence
anisotropy measurements (see Experimental section for details)
were carried out for SG* both in the absence and presence of
SBE,BCD and BCD. As presented in the inset of Fig. 5A and
Table S2, ESL,t the anisotropy decay time (t,) displayed 185 ps
for SG" alone, 285 ps for the BCD:SG', whereas it displayed
a significant increase to 575 ps in the SBE,BCD:SG" system. This
increase in the 7, values due to the increase in the hydrody-
namic volume of the emitting probe could be attributed to the
complex formation with the BCD and SBE,BCD hosts.

Geometry optimization of the complex

To obtain more insight about the interaction and the ensuing
geometry of both the prototropic forms (SG* and SGOH) of SGR

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Optimized geometries of 1:1 inclusion complexes of SBE;-
BCD:SG* (a), SBE;RCD:SGOH (b), BCD:SG* (c) and BCD:SGOH (d).

with SBE,BCD and BCD, computational calculations following
semiempirical method were performed. The ground-state
geometry of both the protonated and neutral forms of SGR
and their 1:1 complexes with SBE,fCD and BCD have been
optimized at the PM3 level incorporating a molecular
mechanics (MM) correction, using the Gaussian package.”® In
all the cases, geometry optimization was carried out without any
symmetry constraint and in the absence of solvent. Care was
taken to avoid any false minima, by using several input geom-
etries, corresponding to the different anticipated conforma-
tions. The most stable structure was the one in which SG" is
incorporated vertically along the center of the SBE,fCD and
BCD host cavities (Fig. 6) and the lowest AH; values obtained for
these arrangements are —186.1 kcal mol ' and —9.5 kcal mol %,
respectively. Higher —AH; value obtained for SBE,BCD:SG"
complex as compared to BCD:SG' complex indicates the
protonated form is better stabilized by the additional negatively
charged sulfobutylether arms present in the SBE,fCD. On the
other hand, SGOH provided very nominal —AH; value (AH; =
—5.3 keal mol ™) with SBE,BCD where as with BCD the SGOH
displayed energetics (AH¢ = —9.1 kcal mol ') comparable to
that of SG', where the interactions are mainly through hydro-
phobic and hydrogen bonding interactions. Note that the AH
values corresponding to the complexes of both the protonated
and neutral forms of SGR with SBE,BCD and BCD correlates
well with their binding constant values determined from the
fluorescence titrations (Fig. 2).

Photostability of sanguinarine in the presence of SBE;bCD

It has been recognised that the photostability of chromophoric
dye and drugs increases substantially through inclusion
complex formation with macrocyclic hosts,**” where the dye/
drug molecule gets stabilized/protected in their hydrophobic
cavity. In this context, the photostability of SGR in the absence
and presence of SBE,BCD and BCD macrocyclic host has been
investigated at ambient condition. The change in the
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absorbance at respective peak positions of the complexed and
uncomplexed SGR at pH 7.4 was monitored at different time
intervals with day light irradiation and the plots are presented
in Fig. 7. It is seen that the photostability of SGR improved
significantly in the presence of SBE;BCD host as compared to
the free SGR dye and BCD-complexed SGR. As demonstrated
above the SG" interacts and forms an inclusion complex with
SBE,BCD stronger than the other host. In the inclusion
complex, the guest dye is better rigidized and protected from
other interactions which accelerates its degradation. Also, due
to the upward pK, shift of SGR in the presence of SBE,CD, the
availability of SG* form increases and gets stabilized by SBE,-
BCD through cation-anion interaction.

Stimuli-responsive fluorescence off-on mechanism of
SBE;BCD:SGR assembly

After establishing that the assembly formation between SBE,BCD
and SGR switches off the fluorescence (605 nm), we attempted to
disassemble the complex to switch on the fluorescence at pH 6.5.
For this we have introduced another cationic additive such as Ca*",
which can competitively interact with the negatively charged
SBE,BCD portals and replace the bound SGR. Gradual addition of
Ca”" ions to the SBE,BCD:SG* complex successively increased the
fluorescence emission. The changes in both the absorption and
fluorescence spectra seen upon the initial titration were reversed
(Fig. 8), thus demonstrating the rupture of the complex and the
regeneration of the spectral features of free SG*. Practically, the
SGR fluorescence is turned off by ~50% on increasing the amount
of SBE,BCD, and the addition of Ca** ions (~100 mM) was able to
achieve nearly complete breakage of the complex and switch on
the fluorescence.

Antibacterial activity of SBE;BCD:SGR assembly

As discussed in the introduction section, the iminium ion (SG*)
form of sanguinarine is responsible for the antibacterial
activity. However, as the pK, of the SG'-SGOH falls around the
region of the physiological pH (7.4) and both the forms are
equally feasible at this pH, the efficacy of SGR's antibacterial
activity at physiological pH is quite underestimated.>" In this
context, we explore the feasibility of using the above

SBE,pCD:SG*

BCD:SG*

0 40 80 120 160 200
Time (hrs)
Fig. 7 The changes in absorbance at the peak positions with time of

SGR in the absence and presence of SBE,BCD (2 mM) and BCD (2 mM),
at ambient conditions at pH 7.4.
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Fig. 8 Absorption (A) and fluorescence (B) spectra of SBE;BCD:SG*
complex at different concentrations of CaCl, at pH 6.5. [CaCl,]l/mM: (1)
0.0,(2)0.5,(3) 1.5, (4) 4.8, (5) 9.6, (6) 19.0, (7) 32.9, (8) 55.0, (9) 80.3 and
(10) 108.2.

demonstrated upward pK, shift in SGR achieved with the
SBE,BCD to increase the antibacterial activity by increasing the
equilibrium concentration of SG" at pH 7.4 (see Fig. 4). To
support this approach, we estimated the effect of SBE,fCD on
the antibacterial activity of SGR by examining the growth of four
pathogenic micro-organisms, Bacillus cereus (B. cereus) and
Staphylococcus aureus (S. aureus) (Gram-positive) and Escherichia
coli (E. coli) and Salmonella typhimurium (S. typhimurium)
(Gram-negative) bacteria. Measurements were carried out at pH
7.4 in a 96-well Microtiter plate to evaluate the minimum
inhibitory concentration (MIC).>® After incubating the samples
for 18 h, tetrazolium dye was added to each well and further
incubated for 20 minutes. The appearance of red colour as
shown in Fig. 9 indicates the bacterial growth. The deep red
colour suggests intense bacterial growth. The MIC value is
evaluated at the concentration when faint red colour or no
colour appears. Average MIC values were obtained from all the
measurements carried out in duplicate and each repeated thrice
(Table S3, ESIT). These values, along with the colour changes in
the images provided in Fig. 9 and S61 reveal the reduction in the
MIC value of SGR from 14.7 ug ml~* (40 uM) to 7.5 ug ml~* (20
uM) against both B. cereus and E. coli on complexation with 500
UM SBE,BCD and confirm higher inhibitory effect by the SGR
drug in the presence of SBE;BCD in comparison to BCD at the
physiological pH (Scheme 2). In case of S. aureus (Fig. 9),
SBE,BCD:SGR complex shows reduction in the MIC value from
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Fig. 9 Antibacterial study of SGR in the absence and presence of
SBE,BCD (2 mM) and BCD (2 mM) against S. aureus and B. cereus at
physiological pH 7.4.

29.4 ug ml~* (80 uM) to 14.7 ug ml~* (40 uM) and both SGR and
SBE,BCD:SGR complex show similar antibacterial activity
towards S. typhimurium (Fig. S6, ESIt). Alternatively, the anti-
bacterial activity of SGR increased at least by ~two-fold upon
complexation with SBE,BCD irrespective of strain of the
bacteria used except S. typhimurium. This increased activity can
be correlated with the upward pK, shift and enhanced photo-
stability of SGR in the presence of SBE;BCD which results in the
increase in the percentage of availability of the active iminium
ion. At the same time, control measurements with the addition
of only SBE,BCD does not show any effect on the bacterial
growth. Moreover, the antibacterial activity of BCD:SGR
complex is similar with SGR at pH 7.4 (Fig. 9 and S6t) against
these four pathogenic bacteria which indicates that the parent
BCD host does not show any effect on the antibacterial activity
of SGR. Mechanistically, this is understood as the pK, value of
SGR decreases from 7.5 to 6.55 in the presence of BCD, as
a result, the availability of active iminium ion form in the
solution at pH 7.4 decreases and hence the antibacterial activity
does not display any improvement like the case of SBE,-
BCD:SGR complex.

L 4
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= N e
‘{,;:a‘ BCD (Faacs\SBE,CD [ © X
A% aRes | ——> (| Yo
NN A pKa ‘*I;::"’ A pKa \
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Antibacterial Activity
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Scheme 2 A schematic representation of the enhanced antibacterial
activity of SGR with SBE;BCD and no change in the activity with BCD.
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Of late, combination of standard antibiotic drugs with
supplements/additives has been quite successful towards
multidrug resistant bacteria. In a very recent study we have
shown the synergistic effect on the antibacterial activity of
ciprofloxacin along with SGR and p-sulfonatocalixarene func-
tionalized silver nanoparticles towards multidrug resistant
bacteria, S. 0slo.** In the similar line, the ~50% improvement in
the antibacterial activity (or 50% reduction in MIC value)
documented with the SBE,;BCD:SGR complex would be prom-
ising for combination with standard antibiotic drugs against
multi-drug resistant bacteria.

Conclusions

In summary, the host-guest interactions of sulfobutylether-f-
cyclodextrin and B-cyclodextrin with the prototropic forms of
sanguinarine dye have been investigated by using ground-state
optical absorption and steady-state as well as time-resolved
fluorescence studies. Photophysical properties of sanguinarine
get modulated significantly in the presence of SBE,BCD and has
been revealed in the emission intensity features and excited
state lifetime parameters. The binding interaction of SBE,fCD
with sanguinarine follows the order SG* > SGOH, whereas the
interaction of parent BCD with sanguinarine follows in the
reverse order i.e. SGOH > SG'. Compared with the neutral form
of the SGR (SGOH), the protonated form (SG') has stronger
interactions with the SBE,BCD host, leading to considerable
changes in the protolytic equilibrium of the dye. SBE,BCD
causes upward shift in pK, value of sanguinarine by more than
0.6 units and makes the guest more basic, because SBE;BCD
stabilizes the protonated form of the dye by cation-anion
interactions than the neutral form, SGOH. The upward shift in
the pK, value has been utilized to increase the availability of the
biologically active iminium form of SGR for the antibacterial
activity at physiological pH. An enhanced antibacterial efficacy,
and reduced MIC value of SGR against three pathogenic
bacteria, i.e. E. coli, S. aureus and B. cereus have been achieved
by introducing SBE,BCD host in to the system. On the other
hand, the spectroscopic features, especially the emission was
shown to be modulated in the presence of external stimuli such
as metal ions. Upon the addition of Ca®>" ion, nearly quantitative
dissociation of the complex was established to regenerate the
fluorescence of free dye. Such supramolecular pK, shifts in the
prototropic guest upon formation of inclusion complexes with
macrocyclic hosts and their stimuli-responsive behavior are of
great current research interest, because they find potential
applications in drug delivery, catalysis, sensor and as improved
antibacterial, anticancer agents.
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