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Abstract

Poly(amidoamine) (PAMAM) (G3) dendrimer was modified into quaternary ammonium salts
using tertiary amines with different chain lengths: dimethyldodecyl amine, dimethylhexyl amine,
and dimethylbutyl amine using an efficient synthetic route. The antimicrobial activity of these
dendrimer ammonium salts against Staphylococcus and E-colf bacteria was examined using the
disc diffusion method. It was found that quaternary ammonium salt prepared with the
dimethyldodecyl amine exhibits antimicrobial efficacy against Staphalococus and E.coli bacteria.
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Introduction

Dendrimers are monodispersed well-defined highly branched macromolecules. The
dendrimers exhibit an exponential increase in functional groups with generations and they
are usually monodispersed macromolecules with a regular and highly branched three-
dimensional architecture.1~10 Each layer of dendrimer makes up a single generation and the
structure of one such dendrimer, poly(amidoamine) (PAMAM), is displayed in Figure 1.
Attention has been shifted recently to the modification and functionalization of dendrimers
due to interest in various applications such as gene therapy, catalysts, and drug-delivery
systems.11-14 The nature of outer functional groups determines the solubility and reactivity
of dendrimers. Recently, the acetylation and quaternization of dendrimers have been
reported.1>-16 Monovalent and bivalent biocides are used extensively for biomedical
applications; however, polyvalent biocides are lacking. It is expected that polyvalent
biocides will have high activities compared to mono or bivalent biocides.1’-20 Polymeric
biocides were prepared by other researchers and tested for antimicrobial properties.21-27 |t
has been shown that dendrimers with amine functional groups could be converted as
effective antimicrobial agents due to their dense primary amine functional groups.16 It is
well known that quaternary ammonium salts are effective antimicrobial agents.28-29
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Dendrimers can also be tailored to generate tunable cavities with ammonium or
phosphonium functionalities.16:21 Because of their globular shape and tunable cavities,
dendrimers have some unique properties.1=8 It has also been shown that dendrimers are able
to form complexes with a variety of ions and compounds and act as a template to fabricate
metal nanoparticles. The synthesis of silver/dendrimer nanocomposite and silver complexes
has been reported.30-32

Antimicrobial agents are mainly made up of small molecules. The use of antimicrobial
polymers was explored and it has been shown that antimicrobial polymers have high
efficiency compared to existing antimicrobial agents.21-26 The use of dendrimers as
antimicrobial agents could be beneficial because of their unique structures.16:31 Thousands
of compounds containing ammonium and phosphonium functionalities were synthesized and
tested for antimicrobial properties. However, very few with adequate biological activities
have been discovered. We report herein the synthesis of PAMAM dendrimer ammonium
salts by two different routes for potential use as an effective antimicrobial agent and tested
against Gram-positive and Gram-negative bacteria.

Results and Discussion

In the first method, Generation 3 (G3) PAMAM dendrimer 1 was converted into a
quaternary ammonium salt by adding 2-chloroethyl isocyanate to the G3 PAMAM
dendrimer to the G3 PAMAM chlorinated dendrimer 2a.16 The chlorinated dendrimer was
then reacted with N,N-dimethyldodecylamine to prepare G3 quaternary ammonium
dendrimer salt 3a. Scheme 1 shows the reaction scheme for the modification of G3 PAMAM
dendrimer into quaternary ammonium dendrimer salt.33 The product was isolated using a 10
K cut-off ultrafiltration membrane. The final product 3a was isolated as a yellow solid in
only a 25% vyield.

The quaternary ammonium dendrimer salt 3a was characterized by NMR and FTIR
spectroscopies. The 13C-NMR spectrum of PAMAM dendrimer displays a carbonyl
resonance at 173 ppm and -CH, resonances from 30 to 60 ppm whereas the 13C-NMR
spectrum of G3 quaternary ammonium salt of PAMAM dendrimer shows an additional
carbonyl resonance at 160 ppm, which was attributed to the urea carbonyl of the G3
quaternary ammonium salt of the PAMAM dendrimer. In addition, several new resonances
are seen from 15 to 30 ppm in the 13C-NMR spectrum of the modified dendrimer, which
suggested that long alkyl chains and a CH3 have been added to the dendrimer.

FTIR spectra of the G3 PAMAM dendrimer 1 and quaternary ammonium dendrimer salt 3a
in the region from 1000 to 4000 cm~1 were compared in Figure 2. The PAMAM dendrimer
1 showed a N-H band at 3280 cm™1, C=0 band at 1645 cm~1 and N-H bending at 1556
cm~L. These bands were shifted to 3423, 1658 and 1549 cm™1, respectively in the FTIR
spectrum of quaternary ammonium dendrimer salt 3a. The PAMAM dendrimer showed
weak bands around 2800-3000 cm™1 whereas the quaternary ammonium dendrimer salt 3a
showed strong bands around 2800-3000 cm™1, confirmed that long alkyl groups have been
added to the PAMAM dendrimer (see supporting information for details).

In order to improve the yield, G3-PAMAM dendrimer 1 was modified using an alternative
method to modify the surfaces with an ammonium group. The synthetic scheme is illustrated
in Scheme 2. In this method, G3 PAMAM dendrimer 1 was first chloroacetylated with
chloroacetic anhydride in methanol to form chloroacetylated G3 PAMAM dendrimer 2b and
then reacted with N,N- dimethyldodecylamine, N,N- dimethylhexyl amine and N,N-
dimethylbutylamine to prepare G3 quaternary ammonium dendrimer salts 3b, 3c, 3d. This
reaction provided dendrimer salt with a 70% to 80% yield after purification. 34 35
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To ensure successful conversion of the PAMAM dendrimer to chloroacetylated dendrimer,
FTIR and NMR spectroscopies were utilized. FTIR spectra of compound 1 and 2b are
shown in Figure 3. FTIR spectra of compounds 3b, 3c, and 3d are identical and therefore the
FTIR spectrum of one of the quaternary ammonium salts 3b is included in Figure 3. FTIR
spectrum of compound 1 shows a broad band at 3280 cm=2, which is attributed to the N-H
stretching vibration from amide group. IR bands at 3480 and 3220 cm™! are assigned to the
N-H stretching vibration of primary amines. As the PAMAM dendrimer is chloroacetylated,
the IR bands at 3480 and 3220 cm™1 almost disappeared, suggesting that most of the primary
amines have been converted to secondary amines. Compound 1 shows a strong band at 1556
cm™1, attributed to N-H bending vibration of the primary amine (amide 11). Compound 2b
and 3b shows weak amide 11 vibrations at 1570 cm™1 and 1560 cm™1, respectively. This
band is attributed to the N-H bending vibration of the secondary amide. FTIR spectra of
compound 1 and 2b shows small IR bands associated with C-H stretching vibrations. around
2800-3000 cm™1 region. However, IR spectrum of compound 3b shows very strong bands
in the region from 2800 to 3000 cm™1, suggesting that long alkyl chains have been added to
the dendrimer.

Compound 1 shows a single band at 1645 cm™1, which it is assigned to C = O stretching of
the amide component (R-CONHRY). FTIR spectra of compounds 2b shows the same
characteristic peak at 1645 cm™~1 along with an additional carbonyl band in the same region,
due to an additional carbonyl group that was introduced during chloroaceylation (R-
NHCOCH,CI). The C = O stretching shifts to a higher wavenumber of 1652 cm™1 for the
amide component (R-NHCOCH,NR3") in the IR spectrum of compound 3b. FTIR spectrum
of compound 2b shows a band at 770 cm™1, which is attributed to C-Cl stretching vibration,
suggesting that chlorine is incorporated into the compound 2b. It is apparent in the FTIR
spectrum of compound 3b that the absorbance of C-Cl band has become weaker suggesting
chloroacetylated dendrimer had been converted to a salt.

13C-NMR spectroscopy was used to confirm the surface modification of the PAMAM
dendrimer to chloroacetylated dendrimer and quaternary ammonium salts (see supporing
information). It appears that compound 1 shows resonance at 174.4 ppm, which is attributed
to carbonyl group of the dendrimer. The 13C-NMR spectrum of compound 1 has resonances
in the region from 30-54 ppm representing the CH, groups of the dendrimer. There is a
resonance at 53 ppm, which represents the a. carbons and the resonance at 51 ppm
represents the B carbons, and so forth. Since carbonyls are electron withdrawing, the -CH,
group directly attached to the carbonyl will have a resonance more downfield than the ones
further from the carbonyl group. The CH, groups between the two nitrogen atoms have a
chemical shift of 34.7 ppm and 38.6 ppm respectively.

The 13C-NMR spectrum of compound 2b shows a single resonance at 174.4 ppm, which is
attributed to the carbonyls in the dendrimer. However, the carbonyls that were added to the
dendrimer show a resonance further downfield at 175.4 ppm. Chlorine is an electron-
withdrawing group and therefore a shift further downfield would confirm the addition of
chlorine to the dendrimer. The 13C-NMR spectrum of compound 2b shows an additional
resonance at 45.3 ppm compared to the 13C-NMR spectrum of compound 1. It was
attributed to the -CH> group from the newly introduced -COCH,CI component.

The 13C-NMR spectrum of compound 3b has several additional resonances, ranging from
14 to 67 ppm, which confirms that long alkyl chains have been added to the compound. A
resonance at 14.6 ppm represents the CH3 of the alkyl chains. The resonances from 23-30
ppm are attributed to CH»s closer to the methyl groups whereas the resonances from 59-65
ppm are attributed to the CHs that are closer to the ammonium ion. The resonance at 67.0
ppm is the CHoys between the carbonyl and the ammonium ion. The quaternary ammonium
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salt 3b displays a resonance at 174 ppm, which is associated with carbonyls in the inner
region of the dendrimer and a resonance at 166.7 ppm is from carbonyls in the outer region
of the modified dendrimer. Compounds 3c and 3d showed similar 13C NMR spectra,
suggesting structure of these salts are similar to compound 3b. MALDI-TOF of 3b presents
its molecular peak at ~13,300, which is reasonably close to calculated molecular weight of
~14,300. This observation confirmed most of the amine groups in the dendrimer are
quartenized.

The disc diffusion method was used for antimicrobial testing of all ammonium salts against
Gram-positive (Staphalococus) and Gram-negative (£. coli) bacteria. Accordingly, 100 pl of
Staphalococus bacteria was spread into the agar plate. A 5.0 pL solution of compounds 3b,
3c, and 3d (2 mg/mL) was injected into the agar plate in three different spots and the seed
culture was incubated for 18 hours at 45 °C. This procedure was repeated for £. coli
bacteria. The compound 3b showed a zone of inhibition of 14.0 mm for £. coli and a zone of
inhibition of 11.0 mm for Staphalococus, shown in Figure 4. From the disc diffusion
method, we can see that £. coli showed a larger zone of inhibition than Staphalococus,
which implies molecule 3b was more attracted to the Gram-negative bacteria than the Gram-
positive bacteria. In order to see the effect of concentration of salt on antimicrobial activity,
10.0 L solutions of compounds 3b, 3c, and 3d were injected. The zone of inhibition
increased from 14.0 mm to 18.0 mm for £. coliand a zone of inhibition increased from 11.0
mm to 16.0 mm for Staphalococus. It is generally accepted that the mode of antimicrobial
action of the ammonium groups follows as a sequence of activity: adsorption of ammonium
groups onto the cell surface, followed by diffusion through the cell wall, and then binding to
the cytoplasmic membranes, causing disruption of membranes, concluding with release of
cytoplasmic constituents such as DNA, RNA, and K+ and followed by death of the cell 16:21
It appears that the adsorption of ammonium groups on the surface of Gram-negative bacteria
is greater than on Gram-positive bacteria and this may be attributed to a high charge density
on the surface of Gram-negative bacteria. It should be noted that silver nitrate dendrimer
complexes and MesoSilver dendrimer complexes were prepared and tested against
Staphalococus. The silver nitrate complex and Meso silver complex showed zones of
inhibition of 2.6 and 2.65 mm, respectively, and they were not as effective as the modified
dendrimer salt.2”

In summary, we have synthesized poly(amidoamine) (PAMAM) (G3) dendrimer quaternary
ammonium salts using tertiary amines with different chain lengths: dimethyldodecyl amine,
dimethylhexyl amine, and dimethylbutyl amine using an efficient synthetic route. The
antimicrobial activity of these dendrimer ammonium salts against Staphylococcus and E-coli
bacteria was examined using the disc diffusion method. It was found that quaternary
ammonium salt prepared with dimethyldodecyl amine exhibits significant antimicrobial
efficacy against Staphalococus and E.coli bacteria and salts prepared using dimethylhexyl
amine and dimethylbutyl amine exhibit no antimicrobial efficacy against Staphalococus and
E.colfbacteria.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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General procedure for preparation of dendrimer 3a: 0.500 grams of PAMAM (G3) dendrimer (1)
was dissolved in anhydrous 2-methyl-2-pyrrolidinone in a dried round bottom flask. 1.1 equivalent
of 2-chloroethyl isocyanate was added drop wise at ambient temperature and stirred at room
temperature for 12 hours to complete the reaction. 1 g (5 equiv.) of dimethyl dodecylamine was
added to the reaction mixture, slowly heated to 80°C and refluxed for 72 hours. The reaction
mixture was concentrated and poured into acetone for precipitation. The product obtained was a
yellow solid 3a. 13¢ NMR (Methanol-Dg4, 100 MHz, ppm vs. TMS): 175.4, 160.0, 171.5, 53.7,
51.2,45.3, 40.8, 38.4, 37.9 and 33.5.

General procedure for preparation of dendrimer 2b; 3.0 mL (15.85% w/w) of PAMAM dendrimer
(1) was dried and dissolved in 10.0 mL of methanol. 0.2934 g of chloroacetic anhydride was
dissolved in 5.0 mL of methanol and added to the dendrimer solution in a drop wise manner. The
mixture was then stirred for 2 hours to obtain chloacetylated dendrimer product (2b). 1H NMR 6
ppm, 400 MHz, Methanol-Dy) : 6 2.32 (t, J= 6.4 HZ), (-NCH2CH»0-), 2.54 (d, J=6 Hz,

Tetrahedron Lett. Author manuscript; available in PMC 2013 December 05.
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CONHCH>CH>N-), 2.67 (t, J= 6 Hz, CONHCH,CHoNH>-), 2.74 (t, J=6.4 Hz, -NCH,CH>CO-),
3.21 (d, J=5.2 Hz) (-CONHCH,CH3NH,-) and 3,70 (s) (-CO-CH,-Cl). 13C NMR (Methanol-Dy,
100 MHz, ppm vs. TMS): 175.4, 174.4, 171.5, 53.7, 51.2, 45.3, 40.8, 38.4, 37.9 and 33.5.

35. General procedure for preparation of dendrimer 3b, 3c, 3d. 0.5 mL of N,N-dimethyldodecylamine
was then added to the 3 neck-flask containing chloacetylated dendrimer (2) equipped with
thermometer and a condenser. The mixture was refluxed for 2 days at constant temperature of 40°
C. After reaction was complete, reaction mixture was cooled to room temperature. The product
was isolated using a 10 K cut-off ultrafiltration membrane. The final product 3b was isolated. Two
similar experiments were carried out using N,N-dimethylhexylamine, and N,N-dimetylbutylamine.
Spectral data for 3b: IH NMR (6 ppm, 400 MHz, Methanol-Dy) : 13¢c NMR (Methanol-Dg4, 100
MHz, ppm vs. TMS): 174.2, 169.2., 166.7, 67.0, 65.7, 64.9, 62.1, 59.2, 53.7, 52.3, 51.1, 44.8, 43.5,
41.9,33.2,30.5, 27.4, 25.8, 23.7, and 14.6.
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Figure 1.
Structure of G3 PAMAM dendrimer
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Figure2.
FTIR Spectra of G3 PAMAM dendrimer (1) and quaternary ammonium dendrimer salt (3a)
in the region 700-1800 cm™1
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Figure 3.
FTIR Spectra of G3 PAMAM dendrimer (1), chloroacetylated dendrimer (2b) and
quaternary ammonium dendrimer salt (3b) in the region 700-1800 cm™1
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Figure4.
Images of agar plates after studied using disc diffusion method after 24 hours of incubation
of Gram-negative (£. coli) bacteria (A) and Gram-positive (Staphalococus) (B)
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Scheme 1.
Synthesis scheme for the synthesis of G3 quaternary dendrimer ammonium salt by method 1
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Synthesis scheme for the synthesis of G3 quaternary dendrimer ammonium salt by method 2
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