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moted glycoconjugation of PETIM
dendrimers and selectivity in mycobacterial growth
inhibitions†

Biswajit Sarkar,a Avisek Mahapa,*bc Kalyan Dey,a Rakshit Manhas,c Dipankar Chatterji*b

and Narayanaswamy Jayaraman *a

The benign nature of aza-Michael addition reaction in aqueous solutions is demonstrated herein to conduct

a direct glycoconjugation of amine-terminated poly(ether imine) (PETIM) dendrimers. Zero to three

generations of dendrimers, possessing up to 16 amine functionalities at their peripheries, undergo aza-

Michael reaction with unsaturated sugar vinyl sulfoxide in aq. MeOH solutions and afford the

corresponding dendrimers modified with multiple glycosyl moieties at the periphery. First order kinetics

of the glycoconjugation is monitored at varying temperatures and the rate constants are observed to be

60–508 s−1, for zero and first generation dendrimers. The antibacterial effects of amine-terminated

dendrimers and the corresponding glycoconjugates are studied across Gram-positive, Gram-negative

and acid-fast bacteria. Among the species, M. smegmatis and M. tuberculosis showed the greatest

growth inhibition effect at micromolar concentrations, for the native amine-terminated and the

corresponding glycoconjugated dendrimers. Quantitative assays are performed to adjudge the inhibition

efficacies of dendrimers and the glycoconjugates. Selectivity to inhibit M. smegmatis and M. tuberculosis

growth, andminimal effects on other bacterial species by dendrimers and glycoconjugates are emphasized.
Introduction

Many biological processes depend on the post-translational
modications of proteins and lipids with carbohydrate
moieties.1–3 Cell surface modications,4 assembly of N-glyco-
proteins,5 evolution of glycoarrays,6 and development of drugs
and vaccines are enabled by glycoconjugations with appropriate
sugar moieties.7–11 As a result, robust conjugation methodolo-
gies have been developed, which include amidations, thiol–ene,
urea formations, Michael addition, click reactions and
more.12–21 In these instances, a reactive moiety is tethered to the
sugar derivative so as to enable glycoconjugation with the
chosen receptors. We demonstrated recently a glycoconjugation
methodology which relies on the aza-Michael addition reaction
of a number of oxygen, nitrogen, carbon and sulfur nucleo-
philes with a sugar vinyl sulfoxide under aqueous conditions.22

The reactions are conducted under aqueous milieu, as a result,
glycoconjugation on to proteins becomes feasible. The side
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chain amine functionality of lysine residues in proteins reacts
with sugar vinyl sulfoxide in such glycoconjugations. In
advancing further, the utility of the methodology for glyco-
conjugation of dendritic macromolecules is undertaken herein.

Synthesis of monodispersed dendritic macromolecules
requires tight control over their molecular weights and the
number of chain ends.23–25 Interfacing dendrimers with diverse
biological, chemical and materials entities is one of the major
advancements in contemporary macromolecular research.26–29

Carbohydrate-binding proteins, namely, lectins and antibodies
are the rst point of attachment of carbohydrate ligands on to
biologically-relevant receptors.30 Following these clues, intense
efforts were undertaken in the glycoconjugation of dendrimers.
In this context, multitude of developments also include
exploiting efficacies of glycodendrimers to study multivalent
carbohydrate–protein interactions, inhibitions of enzyme
functions, in gene and drug delivery applications.31,32

An area of intense investigations relates to the role of the
cationic dendrimers as a new class of antibacterial agents.33–45

When a microbial infection is treated with traditional antibi-
otics at sub-lethal concentrations or for a long time, it inversely
induces resistance to the pathogens, prompting efforts to
mitigate the multidrug-resistant strains. Extensively drug-
resistant M. tuberculosis, Methicillin-resistant S. aureus, beta-
lactamase-producing E. coli and P. aeruginosa are prominent
among multidrug-resistant (MDR) strains, associated with
healthcare infections. Effective antibacterial regimens become
RSC Adv., 2023, 13, 4669–4677 | 4669
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an important query, in efforts to address such disease-causing
bacterial infections to hosts.

Studies of poly(lysine),43,44 poly(amido amine),45 poly(-
propylene imine),39,40 poly(phosphane)35 and carbosilane den-
drimers38 show that the antibacterial properties of these
dendrimers arise due to the cationic sites present within the
structure. The antibacterial efficacies of such dendrimer also
enhance further upon conjugation with small molecule inhib-
itors. The series of poly(ether imine) (PETIM) dendrimers were
assessed earlier for their cytotoxicity and biological effects, in
mammalian cell cultures, from which non-toxicity proles were
observed for the dendrimers possessing hydroxyl functional-
ities at their peripheries.46–49 This series of dendrimers also
possesses varied functional moieties, namely, amines and
carboxylic acids at the peripheries. The amine functionalities
afford cationic sites to the dendrimer, suitable to interfere with
the cell wall structures and functions. Specic relevance herein
is the membrane cell wall biosynthesis in a bacterium.
Controlling the biosynthesis of cell wall components assumes
a greater signicance to mitigate bacterial pathogenicity to host
cells. The presence of multiple chain ends in dendritic macro-
molecules attracted efforts to identify potent antimicrobial
properties, either in the native or chain end-functionalized
forms.50 The clustering of functional groups present at the
peripheries of dendrimers leads to specic and non-specic
interactions of the designed dendrimer agents with the micro-
bial targets. The dendrimers with quaternary ammonium
groups are effective against Gram-negative E. coli and Gram-
positive S. aureus strains. Concerning dendrimers functional-
ized with sugars, it was demonstrated early by Magnusson and
co-workers that glycoconjugation of dendrimers with di- to
tetravalent galabiosides led to more effective hemagglutination
inhibition of S. suis than the monomer galabioside.51 PAMAM
dendrimers are by far the most studied and are known to
engage in membrane disruption against Gram-positive and
Gram-negative pathogens against opportunistic pathogens.52

An increasing interest in the antimicrobial properties of den-
drimers arises in order to develop more effective dendrimer-
based antimicrobial agents against MDR strains.

We report herein a glycoconjugation method, where the
modied sugar moieties are covalently-linked to amine func-
tionalities present at the peripheries of zero to three genera-
tions of PETIM dendrimers. Following synthesis, the native,
Scheme 1 Reaction of sugar vinyl sulfoxide 1 with bis-amine 2.

4670 | RSC Adv., 2023, 13, 4669–4677
amine-terminated dendrimers and the corresponding glyco-
conjugates are studied in order to evaluate their efficacies on
the growth of varied planktonic bacterial strains. Details are
presented herein.
Results
Synthesis

One-step glycoconjugation of amine-terminated PETIM den-
drimers53 in an aqueous medium, namely, aza-Michael addi-
tion, is described herein. Zero, rst, second and third
generation dendrimers possess 2, 4, 8 and 16 peripheral amine
moieties, respectively, and the amine functionality acts as the
aza-Michael donor. Benzyl 4,6-di-O-acetyl-2,3-dideoxy-3-(p-tol-
ylsulnyl)-a-D-erythro-hex-2-enopyranoside (1), possessing 2,3-
unsaturated vinyl sulfoxide functionality acted as the Michael
acceptor. The reaction of sugar vinyl sulfoxide 1 (ref. 54) with
the bis-amine 2 (ref. 55) is shown in Scheme 1. The reaction was
conducted in an aqueous solution, under basic condition (pH∼
7.5–8) and the reaction afforded the bis-conjugated product 3.
Three molar equivalents of sulfoxide 1 were used to one molar
equivalent of acceptor 2 and the reaction occurring at 45 °C was
identied to be optimal for the glycoconjugation. Insolubility of
1 in water necessitated MeOH for solubilization and the reac-
tion was conducted at 45 °C. Following column purication of
the reactionmixture, bis-glycoconjugate 3was secured in a good
yield. As observed earlier, an addition–elimination occurred to
afford the 3,4-unsaturated vinyl sulfoxide. The basic pH of the
reaction also led to hydrolysis of the acetate moiety, leading to
product 3 with a primary hydroxyl group. The addition occurred
from the axial face to afford the manno-congured product, as
observed generally for the primary amine additions.54 Olenic
proton at C-2 carbon of 1 at 6.80 ppm disappeared and the
olenic proton at C-4 of 3 appeared at 6.59 ppm. Further, the
anomeric H-1 in 1 appearing at 5.4 ppm up-eld shied to
5.10 ppm in 3, the JH-1–H-2 was 2.6 Hz, implying a trans-die-
quatorial disposition of H-1–H-2 protons in 3. The dendrimer
methylene protons in 3 appeared at 3.32, 2.44 and 1.55 ppm and
shied up-eld by ∼0.2–0.3 ppm aer conjugation with sulf-
oxide 1. The anomeric resonance shied down-eld to 94.2 ppm
for product 3, whereas that for vinyl sulfoxide 1 appeared at
93.7 ppm and 93.5 ppm. The methylene carbon adjacent to
amine moiety in 3 appeared at 54.7 ppm, that for bis-amine 1
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Glycoconjugation of G1-(NH2)4 dendrimer with vinyl sulfoxide 1.
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appeared at 47.5 ppm. The mass spectrum of 3 showed
molecular ion peak as [M + H+] species, appearing at m/z
845.3532 (calcd mass m/z 845.3505).

First generation PETIM dendrimer 4 (ref. 53) with 4 periph-
eral amine moieties was subjected to glycoconjugation with
vinyl sulfoxide 1 (Scheme 2). The reaction was conducted with
one-and-half molar equivalent of 1 per amine moiety in tetra-
amine 4. Following reaction over 15 h, the solution was evapo-
rated, suspended in water and triturated with EtOAc several
times in order to remove excess of vinyl sulfoxide. The product
thus obtained was analysed to determine the extent of conju-
gation of sugar moiety with the dendrimer 5. MALDI-TOF mass
analysis revealed the molecular ion peak as [M + 2H+] adduct at
m/z 2018.380 (calcd m/z 2018.9737), corresponding to complete
conjugation at all the available primary amine moieties
(Fig. S8†). In addition, multiple peaks due to the presence of
acetate moiety at C-6 carbon were also seen. Further the
conjugation was ascertained by comparison of the resonances
of aromatic moiety with methylene moiety adjacent to the
amine functionality in the 1H NMR spectrum of 5. The NMR
spectra were recorded in CD3OD. The resonances appeared
broad and in sets of resonances, presumably due to sulfoxide
chirality and the resulting diastereomeric nature of the product.
The methylene moiety adjacent to primary amine in 4 appeared
2.79 ppm. Whereas in the glycoconjugated product 5, methy-
lene moieties adjacent to the amine sites appeared at 2.67–
3.00 ppm. The H-4 olenic proton and the H-1 proton of 5 were
found to resonate at 6.54 and 5.13 ppm, respectively, in 1H NMR
spectra. The peak corresponding to anomeric carbon resonated
Scheme 3 Synthesis of second and third generation sugar vinyl sulfoxid

© 2023 The Author(s). Published by the Royal Society of Chemistry
at 95.3 ppm in 13C NMR spectra. These newly observed peaks in
1H and 13C NMR spectroscopy ascertained the formation of
conjugated dendrimer 5.

Glycoconjugations of G2-(NH2)8 and G3-(NH2)16,53 possess-
ing 8 and 16 amine moieties, respectively, were conducted
(Scheme 3). The reactions were conducted in aq. MeOH for 24 h
at 45 °C, in both the reactions. Removal of solvents and tritu-
ration with EtOAc afforded glycoconjugates 7 and 9, in 78% and
74%, respectively.

NMR spectra of these conjugated products 7 and 9 were
recorded in CD3OD and the resonances appeared broad. Major
observations were that: (i) the acetate moiety at C-6 position was
susceptible to hydrolysis; (ii) with an exponential increase in the
molecular weights of glycoconjugates 7 and 9 without acetate
moiety, 4362.19 and 9052.65 g mol−1, respectively, gradual line-
broadening and reduced signal-to-noise ratio of the peaks
occurred in 1H and 13C NMR spectra and (iii) mass spectra of
these derivatives could not be secured by ESI-MS and MALDI-
TOF mass spectrometries. Upon conjugation, the H-4, H-1
protons in 7 and 9 appeared at 6.59, 5.30 and 6.60, 5.19 ppm
in 1H NMR spectra, respectively. Whereas, the anomeric carbon
appeared at 93.9 and 95.4 ppm in 13C NMR spectra, respectively.
For these higher generations of dendrimers, the extent of
conjugation was an average, calculated from the integral values
of 1H NMR spectra. In the case of second-generation amine 6,
the methylene moieties adjacent to amines appeared at 2.94
and 2.60 ppm, as apparent triplets. For the conjugation product
7, these and tolyl-CH3 protons appeared 2.21–2.85 ppm, as
broad resonances. The aryl moieties of sugar component
e conjugates 7 and 9.

RSC Adv., 2023, 13, 4669–4677 | 4671
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Table 1 Kinetic constant for the glycoconjugation of PETIM den-
drimers with sugar vinyl sulfoxide 1

Dendrimer generation

Kinetic constant (s−1)

25 °C 35 °C 45 °C

G0 (2) 61.2 158.4 284.4
G1 (4) 144.1 295.2 507.6
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appeared at 7.38–7.48 ppm and 7.68–7.73 ppm. Integration of
these aryl moiety protons with that of the methylene moieties
adjacent to amine sites and tolyl-CH3 protons enabled to
adjudge the extent of conjugation. In this manner, a conjuga-
tion of 7 out of 8 sugar moieties was adjudged for the complete
structure as given for 7 in Scheme 3. A similar analysis of the 1H
NMR spectrum of product 9 was also undertaken. In third-
generation dendrimer 8, methylene protons adjacent to amine
sites appeared at 3.03 and 2.54 ppm, as broad peaks. A
comparison of the integrations of these and tolyl-CH3 protons,
2.19–2.71 ppm and the aromatic moieties, 7.25–7.42 and 7.66–
7.74, in 9 suggested a conjugation of 14 sugar moieties for the
complete structure as given in Scheme 3. This incomplete
conjugation also appeared to cause reduced resolutions of the
NMR spectra in these glycoconjugates.
Determination of the kinetic constants

The kinetics of the conjugation was monitored, by 1H NMR
spectroscopy, in amixture of CD3OD and D2O. Disappearance of
the methylene protons adjacent to primary amine of dendrimer
scaffold was chosen to monitor the conjugation, occurring at
25, 35 and 45 °C, over 7 h. The conjugation led to a reduction in
the intensity of this methylene resonance at ∼2.67 ppm in bis-
Fig. 1 Bacterial growth observed in the presence of different native and
uginosa; (c) S. aureus and (d) M. smegmatis mc2 155.

4672 | RSC Adv., 2023, 13, 4669–4677
amine 2, adjacent to primary amine moiety (–CH2NH2).
Conjugation of G1 generation dendrimer also led to a reduction
of the intensity of resonance at ∼2.56 ppm, corresponding to –

CH2NH2 moiety. Due to overlapping resonances, kinetics of the
conjugations in the case of G2 and G3 generation could not be
conducted. 1H NMR data were collected for up to 7 h and the
time course analysis was t to a rst-order kinetic equation and
the rate constants of conjugation were calculated (Table 1). Rate
of the reaction increased approximately twice for each 10 °C
raise in the temperature. The rate constant was found to be
higher for the rst (4) generation dendrimer than bis-amine 2
(Table 1).
Bacterial growth assays

In the initial screening, the antibacterial efficacies of amine-
terminated dendrimers and the corresponding glyco-
conjugates (25 mg mL−1) were evaluated on the growth of E. coli
DH5a (Gram-negative), P. aeruginosa (Schroeter) Migula 27853
(Gram-negative), S. aureus Rosenbach 25923 (Gram-positive)
and M. smegmatis mc2 155 (acid fast). Kanamycin (Kan) was
used as positive antibacterial control for the assays. The
bacterial growth proles are shown in Fig. 1, the corresponding
growth inhibition percentages in the presence and absence of
dendrimers are given in Table 2. The untreated cells were
considered as negative control (NC). The growth assays yielded
a generation time of ∼40 min, 90 min, 51 min. and 4.8 h for E.
coli, P. aeruginosa, S. aureus and M. smegmatis, respectively,
without the presence of the dendrimer agents.

As seen in Fig. 1a and b, the growth proles of E. coli and P.
aeruginosa encountered little or no inhibition of the bacterial
growth in the presence of dendrimers, the maximum inhibition
percentages were 22% and 6% for the conjugate 9, respectively.
glycoconjugated dendrimer generations: (a) E. coli DH5a; (b) P. aer-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 MIC values of the PETIM dendrimers onM. smegmatis andM.
tuberculosisa

Compound
M. smegmatis
MIC value (mg mL−1)

M. tuberculosis
MIC value (mg mL−1)

G1 50 100
5 100 200
G-2 50 100
7 100 200
G3 50 200
9 200 NA

a NA: MIC value is not within the limit.
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The native un-conjugated G-2 dendrimer showed 32% growth
inhibition of Gram-positive S. aureus (Fig. 1c). Further 10–12%
growth inhibitions were observed in the presence of remaining
native and glycoconjugated dendrimers, in comparison to
untreated control. Among the strains, M. smegmatis was
observed to undergo a signicant growth reduction. G-1: 91.2%;
5: 43.2%; G-2: 43.8%; 7: 38%; G-3: 92.2% and 9: 90.6% (Fig. 1d),
as compared to the untreated control. Also, the doubling times
of M. smegmatis cells increased signicantly: G-1: 12.5 h; 5:
2.1 h; G-2: 17.7 h; 7: 3.7 h; G-3: 31 h and 9: 7.4 h (Fig. 1d).

The above observations reveal that the dendrimer agents are
effective to inhibit the growth of mycobacterium strains and, to
some extent, Gram-positive S. aureus. The native and glyco-
conjugated dendrimers did not act on Gram-negative E. coli or
P. aeruginosa strains, even when cationic amine sites constitute
the dendrimers. A dening feature of the Gram-positive and
Gram-negative strains is the altered cell wall structure compo-
sitional features. We presume that the cell surface-active den-
drimer agents might differentiate these features, leading to the
most effects of the dendrimer agents on acid-fast M. smegmatis,
followed by Gram-positive S. aureus and minimal effects on the
Gram-negative P. aeruginosa and E. coli strains.
MIC values determination for M. smegmatis and M.
tuberculosis

Due to the selectivity of the dendrimers towards mycobacterial
growth inhibition, further evaluation of the MIC value was
conducted on M. smegmatis and, importantly, M. tuberculosis
H37Rv cells and the results are presented in Table 3. The MIC
values found for M. smegmatis were 50 mg mL−1 for G1, G2 and
G3 generations of amine terminated PETIM dendrimers.
Whereas, the same for M. tuberculosis H37Rv cells were 100 mg
mL−1, 100 mg mL−1 and 200 mg mL−1, respectively. The glyco-
conjugated dendrimer generations G1 and G2, the MIC values
were found 100 mg mL−1 and 200 mg mL−1, in each case for M.
smegmatis andM. tuberculosis H37Rv, respectively. These values
reiterated that the amine terminated dendrimers are relatively
more efficient in inhibiting mycobacterial growth than the
glycoconjugated dendrimers. When MIC of M. smegmatis was
evaluated against third generation glycoconjugate 9, twice the
concentration as that of the lower generation dendrimer gly-
coconjugates, implying that lower generation dendrimer gly-
coconjugates surpass inhibition efficiencies as compared to the
high generation glycoconjugates. Bacterial strains S. aureus, E.
Table 2 Percentage bacterial growth in the presence of native and glyc

M. smegmatis E. coli

Untreated 100.0 100.0
G-1 8.8 � 1.5 97.1 �
5 56.8 � 0.23 95.3 �
G-2 4.0 � 0.08 85.1 �
7 62.0 � 2.7 80.0 �
G-3 7.8 � 0.24 87.0 �
9 9.4 � 2.9 78.0 �

© 2023 The Author(s). Published by the Royal Society of Chemistry
coli and P. aeruginosa did not show growth inhibitions in the
presence of the dendrimers and the corresponding
glycoconjugates.
Discussion

Dendrimers with cationic sites at the peripheries are known to
act as bactericidal agents, as a result of ionic interactions with
anionic bacterial cell membranes, that lead to penetration and
permeability of the exogeneous dendrimers into the cellular
plasma environment and the damage of the intracellular
components.45,50 Carbohydrate-functionalized dendrimers were
studied, specically as anti-adhesive agents that block the
binding of the host cell surface glycans with lectins present at
the outer membranes of a bacterium.56,57 Among the most
studied are the polycationic poly(amido amine) (PAMAM) den-
drimers that show anti-bacterial effects on Gram-positive and
Gram-negative bacteria, in low mg mL−1 concentrations. Such
bactericidal effects of the amine-terminated PAMAM den-
drimers were off-set when the peripheral functionalities were
modied with poly(ethylene glycol) moieties.58 Similar bacteri-
cidal effects were established to poly(propylene imine) (PPI) and
carbosilane dendrimers, possessing amine functionalities at
their peripheries.59,60 Further, the antibacterial efficacies of
maltose sugar-functionalized fourth generation PPI dendrimers
were demonstrated in low micromolar concentrations against
Gram-positive and Gram-negative bacteria.39,40 Bare PPI den-
drimer, without the sugar functionalization, was found to be
more cytotoxic than the sugar functionalized PPI dendrimer.
Apoptosis, coupled with oxidative stress, of cells was found to be
major causes for the antibacterial activity. The maltose-
o-conjugated dendrimer generations G-1 to G-3

P. aeruginosa S. aureus

100.0 100.0
3.4 91.0 � 1.9 91.9 � 2.7
3.4 99.5 � 5.6 88.1 � 4.4
2.9 94.5 � 2.8 67.2 � 4.7
3.4 95.5 � 0.2 82.8 � 3.6
1.1 95.3 � 0.5 81.8 � 2.4
3.3 95.7 � 0.07 81.1 � 0.7

RSC Adv., 2023, 13, 4669–4677 | 4673
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functionalized fourth generation PPI dendrimer was found to
disrupt outer membrane of bacterial cells, thereby permitting
muralytic enzyme, endolysin, to penetrate and degrade pepti-
doglycans, leading to lysis of bacterial cells.40

One of the well-studied polycationic macromolecules are the
polylysine glycoconjugates that act on both the Gram-positive
and Gram-negative bacterial cell membranes and rupture
membrane structures, leading to cytoplasm damage and
bacterial cell lysis.43 The selectivity of the cell lysis by the poly-
lysine glycoconjugate was found to be about half that of the
native polylysine, even when the microbial targeting was supe-
rior with the polymer glycoconjugate. Reduction in the cationic
sites density in the polymer glycoconjugate was proposed to
cause reduced cell lysis, related with the increased minimum
inhibitory concentration required to affect the bacterial growth.
Important outcomes of our present study are that (i) the native
dendrimers are more effective to inhibit the growth Gram-
positive and acid-fast bacteria and very minimal or none of
the inhibition effect on Gram-negative bacteria; (ii) the native
dendrimers with dense cationic sites are far more mycobacterial
growth inhibitors than the corresponding glycoconjugates and
(iii) the higher generation native dendrimers are far more
effective inhibitors than the glycoconjugates. The pattern reit-
erates that amine-rich dendrimers are by-far the efficient
inhibitors and the corresponding glycoconjugations compen-
sate the cationic sites induced growth inhibitions and reduce
the inhibitory efficacies.

The selectivity to inhibit the growth of mycobacterial strains
M. smegmatis and M. tuberculosis is revealing. We presume that
the cell surface composition of various components is likely the
origin of this selectivity. The bacterial outer layer is a complex,
multi-layered arrangement of biological macromolecules. The
organization and the components of the bacterial cell wall differ
across bacterial species. The cell wall structures of E. coli and P.
aeruginosa, used as representatives from Gram-negative
bacteria, Gram-positive S. aureus, M. tuberculosis and acid-fast
M. smegmatis are categorized broadly.61,62 The Gram-negative
bacterial cell wall consists of layers of the inner membrane,
the peptidoglycan and the outer membrane. The outer
membrane is a bilayer of lipid, mainly composed of lipopoly-
saccharide. The Gram-positive bacteria lacks such an outer
membrane. Repeating N-acetyl glucosamine and N-acetyl mur-
amic acid disaccharide, along with cross-linked pentapeptide
side chains, constituted the peptidoglycan layer. This peptido-
glycan layer in Gram-positive bacteria is more dense than Gram-
negative bacteria. Further, the Gram-positive bacteria possesses
long anionic polymers called teichoic acids. On the other hand,
the mycobacterial cell wall is different, called myco-membrane,
composed of mycolic acids (MA). This outer membrane is crit-
ical for mycobacterial physiology and protects mycobacteria
from different stress. This lipid layer also provides high resis-
tance to many broad spectra of antibiotics. The cell wall is
orders of magnitude less permeable, than the most resistant
Gram-negative bacteria E. coli and P. aeruginosa. The lipids
content in the mycobacterial cell wall is 60%, which is threefold
higher than most Gram-negative bacteria. The mycolic acids in
the mycobacterial cell wall are covalently linked with cell wall
4674 | RSC Adv., 2023, 13, 4669–4677
polysaccharides, as in lipomannan and lipoarabinomannan.63

This unique architecture and higher acidic moiety in myco-
bacteria provide negative charge to the mycobacterium cell wall
compared. We presume that the un-modied cationic den-
drimers interact efficiently with the anionic mycobacterial cell
wall, when compared to other bacterial strains. This interaction
at the mycobacterial cell wall plays an important role in the
mycobacterial growth inhibition by dendrimers.
Conclusion

A benign glycoconjugation of amine-rich PETIM dendrimers of
0–3 generations, possessing 2–16 amine functionalities at the
peripheries, is conducted with sugar moieties in aqueous
MeOH solutions, by an aza-Michael addition reaction of sugar
vinyl sulfoxide. The conjugation is observed to be faster in the
case of the rst generation dendrimer, than zero generation bis-
amine derivative. The glycoconjugated dendrimers were studied
for their antibacterial properties against Gram-positive, Gram-
negative and acid-fast bacteria. Among the bacteria, the
growths of M. smegmatis and M. tuberculosis are inhibited
profoundly by the native, unmodied and glycoconjugated
dendrimers, whereas Gram-negative bacterial strains are not
affected. Results of this study show that the dendrimers inhibit
the mycobacterial growth specically and such a specicity
opens up leads for the development of target-driven dendrimer-
based anti-mycobacterial agents.
Experimental section
G0-Glycoconjugate (3)

A mixture of PETIM G0-(NH2)2 2 (4 mg, 0.03 mmol) and sugar
vinyl sulfoxide 1 (41 mg, 0.09 mmol) in MeOH/H2O (2 : 1) (1.5
mL) was added with NaHCO3 (2 mg) and stirred at 45 °C for
15 h. The crude reaction mixture was evaporated and puried
using column chromatography (SiO2, 100–200 mesh) (20%
MeOH/CHCl3) to afford compound 3, as a gum (20 mg, 78%). Rf
= 0.2 (20% MeOH/CHCl3);

1H NMR (400 MHz, CDCl3): d 7.63–
7.59 (m, 4H), 7.36–7.22 (m, 14H), 6.68 (d, J = 16 Hz, 0.5H), 6.59
(app. s, 1.5H), 5.15–5.10 (m, 2H), 4.87–4.81 (m, 2H), 4.63–4.51
(m, 4H), 3.85–3.75 (m, 4H), 3.34–3.32 (m, 4H), 2.92 (s, 2H), 2.45–
2.41 (m, 4H), 2.39 (s, 6H), 2.11–2.09 (m, 4H), 1.57–1.52 (m, 4H);
13C NMR (CDCl3, 100 MHz) d 143.8, 141.9, 139.5, 137.3, 130.2,
130.1, 129.9, 128.7, 128.6, 128.3, 128.2, 128.1, 128.0, 126.7,
125.8, 94.25, 71.2, 69.9, 69.1, 64.6, 54.73, 44.3, 30.5, 29.8, 21.6
and 14.2. ESI-MS m/z: [M + Na]+ calcd For C46H56N2O9S2H,
845.3505; found: 845.3532.
G1-Glycoconjugate (5)

A mixture of PETIM G1-(NH2)4 4 (8 mg, 0.014 mmol) and sugar
vinyl sulfoxide 1 (38.5 mg, 0.084 mmol) in MeOH/H2O (2 : 1) (1.5
mL) was added with NaHCO3 (2 mg) and stirred at 45 °C for
15 h. The crude reaction mixture was evaporated, resuspended
in H2O (2 mL) and followed by washing with ethyl acetate (10 ×

2 mL). The aqueous layer was concentrated in vacuo to afford
compound 5, as a yellowish white gum (22 mg, 81%). 1H NMR
© 2023 The Author(s). Published by the Royal Society of Chemistry
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(500 MHz, CD3OD): d 7.69–7.60 (m, 13H), 7.33–7.20 (m, 23H),
6.69–6.54 (m, 4H), 5.13 (b, 4H), 4.61–4.44 (m, 8H), 3.71 (b, 7H),
3.63 (m, 7H), 3.45 (br. s, 21H), 3.00–2.67 (m, 9H), 2.38–2.34 (m,
24H), 1.77–1.47 (m, 19H). 13C NMR (CD3OD, 125 MHz) d 138.9,
131.1, 129.8, 129.6, 129.1, 128.2, 127.9, 127.0, 95.3, 72.4, 71.2,
70.8, 69.6, 64.8, 61.0, 51.9, 37.7, 31.0, 28.4, 26.8, 23.9, 23.7, 21.5,
21.3, 18.7. MALDI-MS m/z: [M + Na]+ calcd for
C110H148N6O21S4H2, 2018.9737; found: 2018.330.

G2-Glycoconjugate (7)

A mixture of PETIM G2-(NH2)8 6 (10 mg, 0.007 mmol) and sugar
vinyl sulfoxide 1 (38.5 mg, 0.084 mmol) in MeOH/H2O (2 : 1) (1.5
mL) was added with NaHCO3 (2 mg) and stirred at 45 °C for
24 h. The crude reaction mixture was evaporated, resuspended
in H2O (2 mL) and followed by washing with ethyl acetate (10 ×

2 mL). The aqueous layer was concentrated in vacuo to afford
compound 7, as a yellowish white gum (18 mg, 78%). 1H NMR
(500 MHz, CD3OD): d 7.73–7.68 (m, 18H), 7.48–7.38 (m, 51H),
6.81 (app. s., 2H), 6.59 (app. d, J = 8 Hz, 6H), 5.36–5.26 (m, 7H),
4.18–4.17 (m, 2H), 4.93–4.85 (m, 5H), 3.74 (s, 11H), 3.63 (s, 97H),
3.39 (s, 3H), 3.20–3.13 (m, 12H), 2.85–2.76 (m, 6H), 2.61–2.55
(m, 2H), 2.45–2.42 (m, 54H), 2.26–2.21 (m, 1H), 2.20 (s, 9H), 1.80
(s, 14H), 1.58–1.27 (br. m, 14H), 1.11–0.94 (m, 14H). 13C NMR
(CD3OD, 125 MHz) d 169.1, 147.5, 142.1, 141.3, 140.4, 130.1,
128.9, 128.5, 128.1, 127.9, 127.5, 127.4, 126.0, 125.6, 93.9, 72.9,
72.7, 70.0, 68.7, 68.3, 61.4, 60.2, 59.1, 38.2, 31.8, 29.8, 29.5, 26.6,
22.9, 20.7, 20.2, 20.0.

G3-Glycoconjugate (9)

A mixture of PETIM G3-(NH2)16 8 (10 mg, 0.003 mmol) and
sugar vinyl sulfoxide 1 (33 mg, 0.072 mmol) in aq. MeOH/H2O
(2 : 1) (1.5 mL) was added with NaHCO3 (2 mg) and stirred at
45 °C for 24 h. The crude reaction mixture was evaporated,
resuspended in H2O (2 mL) and followed by washing with ethyl
acetate (10 × 2 mL). The aqueous layer was concentrated in
vacuo to afford compound 9, as a yellowish white gum (20 mg,
74%). 1H NMR (400 MHz, CD3OD): d 7.74–7.66 (m, 57H), 7.42–
7.25 (m, 114H), 6.75–6.60 (m, 15H), 5.19 (b, 16H), 4.67–4.58 (m,
15H), 4.50 (br. s, 15H), 3.77–3.68 (m, 25H), 3.54 (br. s, 121H),
3.36–3.33 (m, 9H), 3.09–3.06 (m, 138H), 2.64–2.61 (m, 8H), 2.46–
2.40 (m, 150H), 2.25–2.19 (m, 17H), 1.90–1.87 (m, 62H). 13C
NMR (CD3OD, 100 MHz) d 138.9, 131.1, 129.8, 129.6, 129.2,
129.1, 128.2, 126.9, 95.4, 72.4, 70.8, 69.3, 67.9, 64.8, 60.3, 59.3,
55.9, 52.8, 52.0, 39.0, 30.9, 28.7, 26.5, 23.9, 21.5, 21.3.

Biological studies

The antibacterial efficacies of amine-terminated dendrimers
and the corresponding glycoconjugates were evaluated on the
growth of E. coli DH5a (Gram-negative), P. aeruginosa (Schro-
eter) Migula 27853 (Gram-negative), S. aureus Rosenbach 25923
(Gram-positive) and M. smegmatis mc2 155 (acid fast bacilli). All
the bacterial strains were maintained in specic growth
medium. P. aeruginosa and S. aureus were cultivated in Mueller-
Hinton (MH) and Tryptic Soy Broth (TSB), respectively. E. coli, P.
aeruginosa and S. aureus strains were grown in LB (Luria-
Bertani) broth, whereas M. smegmatis and M. tuberculosis
© 2023 The Author(s). Published by the Royal Society of Chemistry
H37Rv strains was grown in MB7H9 medium (Difco) and sup-
plemented with glucose (2%), Tween 80 (0.05%) and 10% OADC
only for M. tuberculosis at 37 °C. Kanamycin (25 mg mL−1) was
used as positive control in the bacterial growth experiments. For
growth assay, each compound (25 mg mL−1) was added at 0 h
and the growth of cells was maintained under shaking condi-
tion at 37 °C. The bacterial growth was measured by optical
density (OD) changes of the cultures at 600 nm. OD values for
a specic time point were plotted and analyzed by Graph Pad
Prism soware. The growth inhibition assays for all bacterial
species were performed three independent triplicates. Growth
medium without any dendrimer compounds was taken as the
positive control in all the experiments.
Minimum inhibitory concentration (MIC) estimation of the
dendrimers

Determination of the MIC of M. smegmatis and M. tuberculosis
H37Rv was conrmed by cell viability study using 96-well
Microplate Alamar Blue Assay (MABA). The water solubility,
permeability inside cell, low toxicity towards bacterial cell and
stability in cell culture makes it perfect as visual indicator for
the analysis of viability of the bacterial cell culture. Resazurin
is a blue non-uorescent dye, turns uorescent pink dye
resorun when reduced. So, the reduction of resazurin (blue,
non-uorescent) to resorun (pink, uorescent) indicates
metabolic impairment of the cells. Thus, the visual change of
the colour is used for the assay to determine the minimum
inhibitory concentration (MIC). The determination of MIC for
PETIM and sugar vinyl sulfoxide modied PETIM was con-
ducted by 96-well Microplate Alamar Blue Assay. The protocol
of the assay is well established and commonly as resazurin
microtiter assay (REMA) method.64–66 Briey,M. smegmatis and
M. tuberculosis H37Rv cells (at 0.05 OD) was taken in a 96-well
at-bottom microtiter plate, where PETIM and modied
PETIM dendrimers were added to maintain a nal volume of
200 mL. The starting concentrations of the dendrimers were
200 mg mL−1 and 400 mg mL−1, for M. smegmatis and M.
tuberculosis H37Rv, respectively. The compounds were diluted
serially up to concentrations 0.39 mg mL−1. The cultures were
allowed to grow by incubating for 48 h and 6 days for M.
smegmatis and M. tuberculosis H37Rv, respectively, at 37 °C.
Aer that, resazurin solution (0.04%) was added to the culture
and incubated further for another 4 h for M. smegmatis and
24 h for M. tuberculosis H37Rv cells. The colour remained blue
if the growth of the bacteria cell was inhibited. A negative
control with no dendrimers added was used to compare with
the dendrimer treated bacteria culture. The experiments were
conducted in triplicate.
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