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Abstract

The synthesis of gold nanoparticles AuNPs was achievedby the reduction of
sodium tetrachloroaurate (111) (NaAuCl,) with ceftriaxone sodium (CR) in aqueous
solutionswithout the use of other reducing agent. The effect of reactants
concentration, temperature and pH on the sizes and morphology of AuNPs were also
studied. The synthesized AuNPs were characterized by UV- visible spectroscopy, X-
ray diffraction (XRD), scanning electron microscope (SEM), and atomic force
microscope (AFM) analysis. Conjugation of antibiotic with the nanoparticles was
characterized by FTIR spectrophotometry.
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Introduction

A wide range of p-lactam antibiotics have been used as capping agents, reducing agent or both in
the synthesis of different shapes and sizes of antibiotic conjugated AuNPs like cefaclor[1],
amoxicillin[2], ampicillin[3], streptomycin, kanamycin[4], cefazolin[5], cefotaxim[6], cefuraxime and
cefixime[7], at different conditions of pH, temperature and reactant concentrations. Some of these
conjugates showed enhanced antibacterial and antimicrobial activities compared with the parent drug
[1-4]. Ceftriaxone sodium  (Z)-7-[2-(2-aminothizol-4-yl)-2-methoxyiminoacetylamido]-3-[2,5-
dihydro-6-hydroxy-2-methyl-5-oxo-1,2,4-triazin 3-yl) thio methyl] -3-cephem-4-carboxylic acid
disodium salt sesquaterhydrate is a third-generation semi-synthetic bactericidal cephalosporin -
lactam antibiotic that has been used in the treatment of bacterial infections caused bypathogenic
gram-negative and a wide range of gram-positive bacteria[8-17]. The presence of many binding sites
such as the free amino group, P—lactam carbonyl and amide nitrogens makes the drug molecule
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capable of forming different metal chelates, as well as good polar binding sites for conjugation with
AuNPs which may change the toxicological and biological performance of the drug [13,18]. Few
articles have been published on using ceftriaxone as capping and stabilizing agent in the synthesis of
AuNPs in the presence of reducing agent such as sodium borohydride [7,14,19].
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Chemical structure of ceftriaxone (CR)

It has been reported by M. Aslam et al, that gold nanoparticles can be prepared in water directly by
complexationof Au (I11) ions with alkylamine, aromatic and poly amine molecules where they act as
reducing agents and then subsequently covalently stabilize the gold particles [15] which may affect the
rate of growth and nucleation of synthesized nanoparticles [16]. As a primary amine group carrier,
nowork has been published on using CR as a reducing agent to prepare gold nanoparticles. In this
work we investigated the synthesis of AUNPs by CR as reducing and capping agent and studied the
effect of concentration, temperature and pH on the rate of synthesis spectrophotometrically by
studying the change in position and intensity of surface plasmon resonance band at 520- 550nm. The
AuNPs were characterized by FT-IR, SEM, AFM and XRD.

Materials and Methods
1. Chemicals

The following chemicals were wused as received from suppliers: Ceftriaxone
sodium(CygH1sNgO7S3Na,.3.5H,0)(LDP), sodium tetrachloroaurate(l1l)dihydrate(NaAuCl,.2H,0)
(BDH), potassium  dihydrogen orthophosphate KH,PO, 99% (Fluka), dipotassium
hydrogenorthophosphate, K;HPQO,4, 99%, (Fluka), phosphoric acid H;PO, Analar (BDH).
2. Instuments

Electronic spectra for prepared solutions in the (UV-Visible) region (200-1100 nm) solvents were
recorded on SHIMADZU 1800 Double Beam UV-Visible spectrophotometer. The (FTIR) spectra of
the studied solutions were obtained using SHIMADZU FT-IR 8400S Fourier transforms, within the
wavenumber region between 4000 and 400 cm™ using KBr disc and 4000-200 cm™ by using Csl disc.
Separation of nanoparticles by centrifugation rpm for using CENTERFUGE C 41 7800 14000
r.p.m.,Jouan, (FranceSEM images were acquired using the instruments (TescanvegalllCZech) and
(KYKY-EM3200). AFM images were acquired using AFM model AA 3000 SPM 220 V-Angstrum
Advanced INC. USA. Solutions were prepared by applying few drops of metal nanoparticles solutions
on a glass slide followed by vacuum drying. XRD measurements were performed using a
SHIMADZU XRD-6000 x-ray diffraction spectrometer.
3. Preparation of solutions

A stock aqueous solution of the gold salt NaAuCls.2H,0, (2.5x10° M), was prepared by
dissolving 0.1 g of NaAuCls.2H,O in 100 ml distilled deionized water (DDW) in 100 ml
volumetric flask. A standard solution of AuCl 4 (2.5x10*M) was prepared by diluting 10 ml of the
stock solution to 100 ml with (DDW) in a 100 ml volumetric flask. An aqueous solution of the
antibiotic (1.51x10°M) was prepared by dissolving 0.1g of ceftriaxone sodium in 100 ml deionized
water (DDW) in 100 ml volumetric. A standard solution of the antibiotic (1.51x10™* M) was prepared
by diluting 10 ml of the stock solution to 100 ml with (DDW).
4. Optimization synthesis of GNPs
Effect of metal ion concentration

One ml aliquots of standard solution of ceftriaxone(CR) (1.51x10*M) in volumetric flask were
added to ten different volumes of AuCl, standard solutions(2.5x10“M) ( 0.25 ,0.5, 0.75, 1.0, 1.25 ,
15,20,25,3.0,and 3.5ml) in 5 ml volumetric flasks, followed by dilution to 5ml with DDW.
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The resulting concentration of CR was (3.02x10°M), while those of AuCl,(1.25x10°, 2.5x10,
3.75x10°, 5x10°, 6.2x10°,7.5x10°, 1x10™, 1.25x10™ 1.5x10* and 1.75 x10™M respectively), and
the concentration ratio of CR/Au(lll) were :(2.416, 1.208, 0.805, 0.604, 0.487, 0.402,0.302, 0.241,
0.201 and 0.172) respectively. The absorbance of each solution was measured with time at room
temperature; choose the optimum CR/Au (111) concentration ratio.

Effect of ligand concentration

To 1ml aliquots AuCl, (2.5x10™M) in ten volumetric flasks were added different volumes of CR
(1.51x10*M)( 0.25 ,05, 0.75, 1.0, 1.25 , 1.5, 2.0, 2.5, 3.0, and 3.5ml). The volumes were
completed to 5ml with DDW. The final concentration of AuCl, was (5x10°M), while the
concentrations of CR were : (7.6x10°, 1.51x10°, 2.25x10°, 3x10°, 3.7x10°, 4.5x10", 6.04x107,
7.55x10°, 9.06x10° and 1.05x10™M respectively), and the concentration ratio of CR/Au(lll) in the
ten solutions were (0.152, 0.302, 0.45, 0.6, 0.74, 0.9, 1.208, 1.51, 1.812 and 2.1).The absorbance of
each solution was measured with time at room temperature after 1h, 24h, 48h, 1week, 2w 3w and 4w,
to choose the optimum CR/Au(lI1) concentration ratio.

Effect of Temperature

Ten (5ml) solution containing the selected concentration ratio of CR/Au (Ill) were heated for
5minutes at (35, 40, 45, 50, 55, 60, 65, 70, 75 and 80 °C respectively), in a water bath. The absorbance
of each solution mixture in the UV-visible region was measured with time after being cooled to room
temperature.

Effect of heating time

Ten (5 ml) solutions containing the selected CR/Au(l11) concentration ratio (0.172), were heated at
the selected temperature (40 °C) for different heating times (5, 10, 15, 20, 25, 30, 35, 40, 45 and 60
min respectively). The absorbance of each solution mixture in theuv-visible region was measured after
being cooled to room temperature.

Effect of pH

The synthesis of AuNPs in solutions CR was studied by uv-visible spectrophotometry at different
pH values (2.44, 3.38, 4.26, 5.83, 6.33, 7.20, 8.27, 9.03, 10.30, 11.18), of solutions containing the
selected CR/Au(l1) concentration ratio (0.172), using the appropriate buffer.

Results and discussion
1. UV-Vis spectrophotometry
Concentration effect

Figures -1 (A and B) show the uv-visible spectra of CR, AuCl, and the mixture of CR with AuCl,
(1A) andCR, AuCl, and AuNPs (1B) prepared from mixing 3.5ml of AuCl, (2.5x10*M) with 1 ml of
CR (1.51x10™M) diluted to 5ml and the final concentration ratio of solution CR/Au(lIl) in this
solution was (0.172). The pH of solution was 4.83.

The spectrum of CR displayed two high intensity bands at A 272 and 239 nm attributed to n—
n*[17], while the spectrum of AuCl, solution showed a high intensity band at 212 nm and shoulder at
290 nm assigned to ligand to metal charge transfer transition (LMCT) [16,17]. The mixture of
bothreactants developed a pink color solution with strong absorption band appeared at 523 nm, Figure
-1B assigned to the surface plasmon resonance (SPR) of spherical AuNPs [1-4, 20,21], with estimated
size range about 10-23nm [22] indicating that AuCl, has been reduced by ceftriaxone to form
AUNPs.The proposed mechanism for the reduction process, illustrated in scheme-1 suggests that the
NH, group of thiazole ring, like any aromatic amine, may be responsible for the donation of electrons
to AuCl, according to the work published by C. Subramaniam on reduction of Au(lll) ions by
aromatic amines [23]. However the process was very slow that the solution had to be left for 24h to
develop the color.
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Figurel- The uv-visible spectra of a- Ceftriaxone, b- AuCl, and c-synthesized gold nanoparticle in aqueous
solutions at concentration ratio of CR/Au(ll1) (0.172), at room temperature A- after 1h and B- after
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Scheme 1-Reduction of Au(lll) ions with CR.

Figure-2 exhibits the variation of intensity and position of SPB of AuNPs solutions prepared from
different concentration ratios of CR/Au(lll) (2.41, 1.208, 0.805, 0.604, 0.48, 0.40,0.302, 0.241, 0.201
and 0.172) respectively (1-10) and their performance after 1h, 24h, 48h, 1week, 2weeks and 3weeks
(a-f respectively). No color change and no SPB were detected in all solutions at day of preparation.
After 24h solutions of concentration ratio of CR/Au(l11)(2.41-0.302) (solutions 1-7) showed no peaks
of SPB of AuNPs and the solutions remained colorless, while the solutions of CR/Au(l11)(0.241, 0.201
and 0.172) (8, 9 and 10 respectively), gave a peak at A= 523, 535 and 523nm respectively
corresponding to SPR of spherical AuNPs[1-4,20,21]. The three solutions remained stable for more
than 3 weeks. The colors of solutions 5,6 and 7 were changed to pink and their spectra exhibited weak
absorption bands at 540, 550 and 550 nm respectively after 48h with estimated size range 30-
40nm[1,3] while no change was recorded by the solutions 1-4.
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Figure 2- Absorption spectra with time of AuUNPs prepared at different concentrations ratio of CR/Au(lll)
(2.41, 1.208, 0.805, 0.604, 0.48, 0.40,0.302, 0.2416, 0.201 and 0.172) after 24h, 48h, 1week, 2week
and 3week respectively(a- e, f).

These observations indicated that that CR is a weak reducing agent and its reducing capability
increased with increased concentration of Au(lll) ion. The synthesis of AuNPs by ceftriaxonebest
occurred at CR/Au (I11) concentration ratios (0.241, 0.201 and 0.172 solutions8-10 respectively.The
reducing process may be more enhanced by seeding effect using some reducing agents prior to the
addition of CR[24].For higher rate of AuNPs, higher stability and smaller particle size. The synthesis
of AuNPs was selected at concentration ratio of CR/Au(l11) 0.172 which will be used for the study of
pH and temperature effect on AUNPs.

Effect of temperature on AuNPs synthesis

The synthesis of AuUNPs were carried out at different temperatures using 10 aqueous solutions of
CR and AuCl, with concentration ratio of CR/Au(111)(0.172), which were heated at 35-80°C followed
by cooling naturally to room temperature for 1h. The variations of spectra of these solutions with
temperature are shown in Figure-3.
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Figure 3-Absorption spectra with time of AuNPs aqueous solutions prepared from concentration ratio of
CR/Au(I11) =0.172 heated 35°C -80°C.

Color changes and SPB were observed only in the last four solutions at temperatures 65-80°C. The
spectra of these solutions exhibited increased intensity with temperature of SPB of spherical AuNPs
[1-4, 20, 21], which appeared at wavelength range (525, 533, 536 and 536 nm respectively). Theother
solutions had to be left for 24h to develop the color. Increasing the heating time from 5-10min at 40°C
was found to exhibited pink color and the spectrum of the solution exhibited a single absorbance band
at A523nm related to spherical AuNPs [1-4, 20, 21]. The solution was stable for two weeks with
increased absorbance of SPB which was kept at wavelength range 529-530nm.The solution exhibited
immediately color change when heating time was increased from 10-60 min and the absorption spectra
of the colloid showed a single peak at wavelength range 523-532 nm referring to spherical AuNPs [1-
4, 20,21] of size range 10-23nm [22]. The intensity of SPB was found to increase with time as is
shown in Figure-4. The colloid was stable at room temperature for more than two weeks at the same
wavelength range .The best heating time to give good particle size and stable AuNPs at 40°C for
45min.
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Figure 4- Absorption spectra with time of AuUNPs prepared from a solution of CR/Au(l11) (0.172) heated at 40°C
for different time periods (5-60min).

Effect of pH

Figure-5 shows the absorption spectra of CR conjugated AuNPs prepared at CR/Au(lll)
concentration ratio (0.172) at different pH media (2.44, 3.38, 4.26, 5.83, 6.33, 7.20, 8.27, 9.03, 10.30
and 11.18) using the appropriate buffer. Noneof the studied solutions exhibited SPB of AuNPs at the
same day of preparation. After 24h the first 5 solutions of pH values (2.44-6.33) (solutions 1-5) gave
pink colors and the spectra of solutions 1,2,4 and 5 exhibited a single absorption band at A 563, 551,
530 and 526nm respectively, related to spherical AuNPs [1-4, 20,21], while the solution of pH=4.26
(solution 3) exhibited two high absorption bands at A 534 and 623 nm which may be attributed to the
formation of nonspherical AuNPs [25-28]. After one week the spectrum of this solution showed only
one band which appeared at A551 nm.

The colors ofsolutionsat pH 7.2 , 9.03, 10.3 and 11.18 (solutions 6, 8-10 respectively) appeared
only after two weeks and their spectra showed SPBs at A 538, 550, 542 and 539 nm respectively,
while no color change was observed at pH 8.27 (solution 7). The highest rate of AUNPs synthesis was
observed at pH 5.83 as the solution remained stable at the studied period without change in the
position of SPBat A 533 nm. These results show that the difference in pH values plays an important
role in controlling the synthesis, size and morphology of AuNPs which agrees with other studies
mentioned in the literature [29, 30].
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Figure 5-Absorption spectra with time of AuNPs prepared from a solution of CR/Au(l1) (0.172)at different pH,
i: initial pH.
2. FT-IR Spectra
The infrared spectrum of ceftriaxone, Figure -6a exhibited a band at 3444.63 cm™ attributed to the
stretching vibration of free NH, [14,31-33], while the band appeared at 3564.21cm™ was due to v OH
of H,0[14]. The bands appeared at 3284.55, 1747.39 and 1649.02 cm™ were attributed N-H amide
[14], v(C=0) b-lactam [31-33] and v(C=0) amide [14,31-33] respectively. The absorption bands
appeared at 1606.59 and 1415.65 cm™ are attributed to Vasy(COO') and v, (COO")  vibrations
respectively[31,32]. The peaks observed at 1539.09 and 1504.37 cm™ were associated with aromatic
ring, The band at 1398.30 cm™ is due to v C-N[14,33]. The FT-IR spectrum of ceftriaxone-capped
AUNPs is shown in Figure-6b.
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Figure 6-FT-IR spectra of a-ceftriaxone sodium and b- ceftriaxone-capped AuNPs.
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The bands attributed to the stretching vibration of free NH, was shifted to lower wavenumber and
appeared at 3251.76cm™. The bands assigned to NH amide and v C=0 vibration of b-lactam were
shifted to lower wavenumbers and appeared at 3120.33cm™ and 1775 cm™ respectively while the
bands attributed to amide v C=0, v4/(COO") and vs(COO") vibrations were shifted to higher
wavenumbers and appeared at 1675, 1650.95 and 1430.87 cm™ respectively. The band attributed to v
C-N vibration was shifted to lower wavenumber and appeared at 1027.90 cm™. These data indicate
that the functional groups of CR were covalently adsorbed on the surface of AUNPSs.

3. X-ray Diffraction

The XRD patterns of AuNPs synthesized by ceftriaxone are shown in Figure-7. Four diffraction
peaks were observed at 20 = (38.3970, 44.5941, 64.7861 and 77.7420) corresponding to the planes
(111), (200),(220) and (311) respectively, the data of Bragg’s reflection resembles the cubic structures
of AuNPs, and refer to face centered cubic (fcc) Au metal crystal lattice[1,5]. The crystalline size of
the nanoparticle can also was determined using Scherrer’s equation [34-36].
D= K2

B CosO
WhereD average crystalline size (hm), K (0.9) dimensionless shape factor, A X-ray wavelength (1.541
A) , 0 angle of diffraction orBragg angle (in radius) and B angular / line broadening at full width at
half maximum (FWHM) of the XRD peak at the diffraction angle 6. The average size of AuNPs was
24.391 nm.
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Figure 7-XRD pattern of ceftriaxone-capped AuNPs prepared at CR/Au(lll) (0.172).

4. Scanning electron microscope (SEM) analysis

Figures-8 and -9 show the SEM images of AuUNPs prepared from concentration ratio of
CR/Au(I)= (0.172) and (0.241) respectively at room temperature. The particles in the first ratio
Figures-8 appeared as large aggregates of different shapes between spherical to cubic, while the
particles of the second ratio Figure-9 had more regular spherical shapes. The average diameters for
both solutions were nearly the same (73.3 and 74.8nm respectively). Figure-10 shows the SEM
micrograph of AuNPs prepared from a solution of concentration ratioCR/Au(l11)= 0.172 after being
heated at 40°C for 45 min. The particles appeared nearly spherical in shape with the average diameter
56.65nm.
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Figure 8-a-SEM and b-particle size distribution of ceftriaxone-synthesized AuUNPs prepared from the
concentration ratioCR/Au(l11) 0.172 at room temperature.
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Figure 9-a-SEM and b-particle size distribution of ceftriaxone-synthesized AuNPs prepared from the
concentration ratio CR/Au(l11) 0.241 at room temperature.
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Figure 10-a-SEM and b-particle size distribution of ceftriaxone-synthesized AuNPs(CR-AuUNPs)(CR/Au(lll)
=(0.172) heated at 40°C for 45 min.

5. Atomic force microscope (AFM) analysis

Figures-11 and -12 and show the AFMof two and three dimensions images of CR-AuUNPs
prepared at room temperature from concentration ratio of CR/Au(lll) =0.172 and 0.241respectively
which indicate the presence of spherical shapes of AuNPs . In contrast to the SEM analysis, there was
a big difference in sizes between the two solutions as the particles obtained from CR/Au(l11) = 0.241,
Figure-12 showed larger sizes anda wider size distribution compared with that of CR/Au(lll) = 0.172,
Figure-11 which may be attributed to agglomerate nucleation during solutionpreparation.The average
particle sizes were 59.50 and 111.05 nm respectively.
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Figure 11-AFM 2D and 3D pictures andparticle size distribution chart of the CR- AuNPs (CR/Au(l11) 0.172) at
room temperature( average diameter 59.50nm).
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Figure 12-AFM 2D and 3D pictures and particle size distribution chart of CR- AuNPs at (CR/Au(l11) 0.241)at
room temperature, (average diameter around 111.05nm).

Figure-13 shows the AFM images of AuNPs prepared fromconcentration ratio of
CR/Au(I11)=0.172, heated at 40°C for 45 min, in which the particles were of spherical shapes with
average diameter 82.23 nm. The results obtained from the SEM and AFM analysis in this work
confirmed that reactant concentrations and temperature affected the sizes and morphology of AuNPs.
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Figure 13-AFM 2D and 3D images and particle size distribution chart of the CR- AuNPs (CR/Au(lll) (0.172)
heated at 40 °C for 45 min ( average diameter 82.23nm).

Antibacterial activity

The antibacterial activity of CR and its Au nanoparticle conjugated have been tested against four
cultures of pathogenic bacteria namely: (Escherichia coli, Pseudomonas aeruginosa, Staphylococcus
aurous and Streptococcus pneumonia) following the method reported by L. Baccigalupiet al[37],
using drop diffusion method.
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The results described in Table-1 show that the original antibiotic (CR) exhibited a high activity
(17.5 mm) against E. coli only and was inactive against the other three cultures. This activity against
E. coli was enhanced in the presence AuNPs and the diameter inhibition zone increased to 20 mm.

Table 1- Inhibition zone exhibited by CR its conjugated AuNPs against some pathogenic bacteria.

Inhibition zone (mm)
Type of ligand Escherichia Pseudomonas | Staphylococcus Streptococcus
Coli Aeruginosa aurous Pneumonia
CR 17.5 - 1 -
CR-capped 20 - 1 1
AUNPs
Conclusions

The synthesis as well as stability of AuNP conjugated with antibiotics ceftriaxone have been
evaluated in absence of reducing agent at different reaction conditions of concentrations, pH and
heating temperature ranges. The structure of sizes, morphology and stability of the synthesized
AuNPs were highly dependent on reactant concentrations, temperature, heating time and pH as was
indicated by uv-visible spectrophotometry. The synthesis of AuNPs were enhanced in moderately
acidic medium and inhibited in basic medium. Sizes, morphology and crystallinity of the synthesized
AuNPs were characterized by SEM, AFM and XRD respectively, while the conjugation with
ceftriaxone was detected by FTIR spectrophotometry. Antibacterial activity screening of the antibiotic
and its AuNPs conjugates showed that they were active againstEscherichia coli, and inactive against
streptococcus, pseudomonas and staphylococcus aurous. Ceftriaxone capped AuNPs exhibited higher
antimicrobial activity against (E. coli) compared to ceftriaxone alone.
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