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Abstract
Turkevich Gold nanoparticles are the original nanoparticles that have been modi�ed over time. Combining nanoparticles
with targeting medications such as alendronate, memantine, and tobramycin will provide additional bene�ts in targeting
speci�c areas in the bone, brain, and microorganisms, respectively. The reactivity and stability of nanoparticles in the
presence of various drug concentrations (micro-, nano-, and milli-levels) have been studied. The absorbance spectra of
nanoparticles at λmax 520 nm were always stable with alendronate, whereas with memantine and tobramycin, the
spectra were unchanged (no color change) in the nano- level over twenty minutes and red shifts (color change) occurred
in the micro-level. High Resolution Transmission Electron Microscopy (HRTEM) and • Dynamic light scattering (DLS)
revealed that the core diameter was relatively stable in all cases, whereas the hydrodynamic diameter and zeta potential
varied with drug concentration. Increasing concentration increased hydrodynamic diameter slightly with memantine
(from 64.99 to 98.41 nm), dramatically with tobramycin (from 135.3 to 332.16 nm), and almost negligibly with
alendronate (from 52.08 to 58.94 nm). Zeta potential, conversely, is reduced as concentration increases. Memantine had
the greatest reduction in negativity, followed by tobramycin, but alendronate had a slight increase in negativity. This
research would be useful for the application of gold nanoparticles in targeted drug delivery, where the stability and
reactivity of gold nanoparticles are critical.

1 Introduction
Gold chemistry is a rapidly growing era as gold is a unique noble metal, having distinguished properties among other
metals such as thermal and chemical stability, electrical conductivity, mechanical softness, and highest electronegativity
among all metals [1].  Gold nanoparticles (AuNPs) are one type of gold metal nanostructures that differs in color and
properties from bulk metal [2]. These nanoparticles are very well known from ancient times [3]. Nowadays, AuNPs are
widely used nano-carriers in targeted  drug   delivery systems (TDDSs) for biological and theranostic applications [4], due
to their physico-chemical, optical and size tunability properties [5,6] . TDDSs are relatively new techniques for delivering
drugs directly to speci�c sites (organ, receptor, etc...). The main goal of these techniques is to reduce side effects while
increasing the therapeutic value though enhancing targetability.  Loading gold nanoparticles by drug molecules is one of
the techniques used to achieve targeted delivery.  Nanoparticles drug delivery depends on certain physicochemical
properties such as particle size, morphology, hydrophilicity, hydrodynamic diameter, stability, reactivity and surface
charge [7, 8].

The mechanism of particles aggregation with targeting medications does not have enough attention, as a result, light
has been shed on the way the nanoparticles may interact and aggregate with medications that have speci�c targets,
such as alendronate (Alen.) [9], memantine (Mem.) [10], and tobramycin (Tobr.) [11, 12]. These medications target bone
marrow, brain receptors, and speci�c microorganisms, respectively.
Targeting these sites are challenging and important in the therapeutic management of various diseases
like Osteoporosis [13], Alzheimer’s [14], and  Cystic �brosis [15].

The features of gold nanoparticles may have a potential effect on the detection of drugs that lack a chromophore in their
structure [16,17]. These nanoparticle optical properties, which have been used to target cells or microorganisms for
bioimaging and drug delivery, could also be used alongside in drug detection. Among the non chromophoric drugs are
alendronate, memantine, and tobramycin have low absorbances in the UV-Vis region due to absence of a chromophore
in their molecular structure [18–20]. This limitation can be overcome by utilizing gold nanoparticles’ optical properties.

The purpose of this research was to investigate the effect of the nano-, micro-, and milli- concentrations of alendronate,
memantine and tobramycin (Figure 1) on the physicochemical properties of gold nanoparticles.
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2 Experimental

2.1 Apparatus
All spectra analysis were done on a Jasco UV-Vis spectrophotometer model (V-530). JASCO model FP‐6300
spectro�uorometer (Japan). Automatic Water Still. Electronic Balance. Micro Quartz Cuvette. High Resolution
Transmission Electron Microscopy (HRTEM), model (JEOL JEM-2100). Zeta Potential Analyzer, model (Malvern Zetasize
Nano-zs90).

2.2 Materials
Gold (III) chloride hydrate (HAuCl4.xH2O) was purchased from Sigma Aldrich (M.W: 339.79, anhydrous). Trisodium
citrate dihydrate (Na3C6H5O7.2H2O), (M.W.: 294.10 g.mole−1) minimum assay: 99.0 % purchased from Gateway Co.
Double Distilled Water obtained from Automatic Water Still. Alendronate sodium, Memantine and Tobramycin base were
purchased from Sigma Aldrich.

2.3 Methods
2.3.1 Gold nanoparticles synthesis

Synthesis of gold nanoparticles was done according to steps in Figure 2a, as mentioned in previous literature [21] :- All
glasswares were rinsed and soaked in aqua regia for 1 hour, cleaned thoroughly with distilled water and dried in oven.  A
25 mM chloroauric acid (HAuCl4) (M.W.: 339.79 g.mole−1) solution was prepared by dissolving 85 mg (HAuCl4) in
double distilled water in a 10 ml volumetric �ask. A 38.8 mM trisodium citrate dihydrate (Na3C6H5O7.2H2O), (M.W.:
294.10 g.mol−1) was made by dissolving 1.1411 g in 100 ml volumetric �ask. A 4 ml of 25 mM HAuCl4 was added into
a clean 250 ml �ask containing 96 ml distilled water and a magnetic bar. The 250 ml �ask was connected to a
condenser to re�ux at 1100 rpm and heat up to boiling at 300 ℃for 45 min with continuous stirring (Figure 2b). A 10 ml
of 38.8 mM trisodium citrate dihydrate was added instantly at once where color disappeared then changed from pale
yellow to deep violet to red purple (Figure 2c). Re�uxing was continued for another 20 min and cooling with continuous
stirring. The colloidal solution was stored in tightly closed amber glass surrounded by aluminum foil in a refrigerator at 4
℃. The prepared colloidal solution shows stability for several months, except if not stored very well.

2.4 Reaction Procedures
A 1 mg.ml−1 stock standard solutions, 10 µg.ml−1 and 100
ng.ml−1 working standard solutions were always freshly prepared for alendronate, memantine, and tobramycin in double
distilled water. Various concentrations of alendronate (Alen.), memantine (Mem.), and tobramycin (Tobr.) were prepared
in situ (in a micro cuvette) directly before spectrophotometric measurement using a 100 ng.ml−1 working standard
solutions. A �nal volume settled to be 1000 µl. Different aliquots of working solutions were taken and volumes
completed to �nal volume by diluted AuNPs (1:5). The concentrations were prepared in the nano-, micro-, and milli- molar
ranges for each drug. The nano-ranges of Mem. was (33.46-334.63 nM), and Tobr. was (4.28-128.34 nM), while
Alen. was in the milli-ranges (0.184-2.582 mM). Each concentration was multiple measured against blank solution for
twenty minutes with adequate shaking before each measurement. Linearity was known by plotting (A0 − An)/A0 against
the wide range of concentrations of Alen., Mem., and Tobr., where (A0) is the absorbance of AuNPs, (An) is the
absorbance of AuNPs loaded by (n) concentrations of the selected medications. All spectra were measured through a
wavelength range of (300 nm - 600 nm) and maximum absorption wavelength at λmax 520 nm. The reactions of
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AuNPs with Alen., Mem., and Tobr. have been optimized with the study of various factors such as multiple drug
concentrations, reaction time, and dilutional effect. Concentrations in the nano, micro, and milli- scales have been
studied. Time is a crucial factor in the reaction of AuNPs. The reaction time over twenty minutes has been studied. Also,
the �nal volume of AuNPs has been studied.

2.4.1 AuNPs   characterization

UV-Vis’s spectroscopy

The absorbance of AuNPs has been measured by UV-Vis spectrophotometer at λmax 520 nm and an emission spectrum
at λex 520 nm were recorded. The absorbance measurement was performed using UV-Vis’s spectrometer in the
wavelength range of (200-800 nm). In spectro�uorometer, parameters were adjusted to a measurement mode (Emission
Spectrum), band width (Ex and Em) (5 nm), response (Medium), sensitivity (Medium), measurement range (220 - 750
nm), excitation wavelength (520.0 nm) and scanning speed (1000 nm/min). A 1.5 ml of freshly prepared AuNPs was
transferred to Quartz Cuvette for direct measurement against blank.

High       Resolution   Transmission   Electron    Microscopy ( HRTEM)

The morphology and core diameter of gold nanoparticles have been measured by HRTEM for gold nanoparticles alone
and loaded with the nano-, micro-, and milli- concentrations of alendronate, memantine, and tobramycin. This is to make
sure if color change is associated with a change in the core diameter, and as a consequence, particle size increase, or
color change is due to only aggregation of particles.

Dynamic   light    scattering (DLS)

The hydrodynamic diameter and the zeta potentials of AuNPs have been measured by Zeta Potential Analyzer
equipment to investigate the change in surface charge of the nanocrystals with adding different medications to try to
predict how these particles could be aggregated.

3 Results And Discussion
3.1 Gold nanoparticles   concentration    and   extinction    coefficient.

The molar concentration and extinction coefficient of gold nanoparticle solutions in Table 1, have be calculated through
the following steps:

1. Calculating the average number of gold atoms per nanoparticle (N) from HRTEM images as shown in Figure 4.
Assuming a spherical and fcc shaped nanoparticle, the average number of gold atoms (N) per nanoparticle was
 calculated using Equation       1 [22],  where π  is the the circumference of a sphere (3.14),   ρ is the density for fcc gold
(19.3g/cm3), NA is Avogadro’s number (the number of atoms per mole) (6.023×1023), M is the atomic weight of gold
(197 g/M), and D is the average core diameter  of  nanoparticles   that are summarized in Table 2.

Table 1:  Molar concentrations a and extinction coefficients (ε)b of gold nanoparticle solutions.
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a. molar concentrations calculated from Equation  2.

b. extinction coefficients calculated from the slope of regression line in Figure 3.

c. extinction coefficient not calculated due to aggregation of AuNP s and unstable λmax.

2. Calculating the molar concentration of the prepared solutions from initial concen- tration, using Equation 2 where C is
the molar concentration of the nanoparticle solution, NTotal is the total number of gold atoms (the initial amount of gold
salt, HAuCl4,used), N stands for the average number of gold atoms per nanoparticle from Equation 1, and V is the
volume of the reaction solution in (L), assuming that the gold(III) reduction was  complete.

3. Determining the molar extinction coefficient of each sample from the slope of the regression line of absorbance vs
concentration curves in Figure 3 (inset-2 in 3a, 3b, and 3d). This actually based on Lambert–Beer’s Equation 3, where A
stands for absorption, ε is molar absorptivity or molar extinction coefficient (the slope), b is the path length of cuvette
(1cm), c is the calculated molar concentration of gold nanoparticle solutions from Equation  2. 

A = εbc                                                             (3)

3.2 Gold nanoparticles color stability, and UV-Vis’s absorbance spectra in the absence and presence of medications.

The synthesized gold nanoparticle solution (3.68×10−8 M) has been characterized using UV-Vis spectrophotometer and
spectro�uorometer with maximum absorption and emis- sion at λmax 520 nm. The resolution of the spectro�uorimetric
is high compared to UV-Vis spectrophotometry, as the FWHM (Full Width at Half Maximum) was small (5 nm) in
�uorimetry, while in UV-Vis the FWHM was broader (60 nm) as in Figure  2.

The color stability of gold nanoparticles (AuNPs) has been studied visually and by UV-Vis’s spectrophotometer. Visually,
the color of AuNPs was stable for long period under tight storage conditions (≃ six months) [23]. After addition of drugs
to AuNPs, the color of AuNPs was mostly stable with alendronate, while least stable with me- mantine and tobramycin.
The color change and the reactivity with tobramycin was most powerful than with memantine.  Once the color changed,
the process is repeated until the color completely disappeared. In the nanoscale, memantine and tobramycin made no
color change. However, in the micro-scale, color change has been occurred.

Using UV-Vis,  The nano-ranges of memantine and tobramycin did not led to red  shift at λmax 520 nm as shown in
Figure 3b and 3c or nanoparticles’ aggregations (Figure 5b) over twenty minutes. Mem. nano-ranges (33.46-334.63 nM)
and Tobr. nano-ranges (4.28-128.34 nM) were stable for twenty minutes as shown in (inset-1 in Figure 3b, and inset-1 in
Figure 3c), while Alen. was stable in the milli-ranges (0.11-1.48 E-02 mM) as in (inset-1 in Figure 3a). However, The micro-
ranges of Mem. and Tobr. led to red shift (Figure 4a and 4b) and aggregation of gold nanoparticles (Figure 5d,5e).
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3.3 Gold nanoparticles  core   diameter  in   the absence  and   presence    of  medications.

HRTEM images indicated that the core diameters of gold nanoparticles do not change when adding different
medications with various concentrations even when nanoparticles aggregated. The average core diameter of AuNPs was
9.58 ± 1.27 nm. After addition of alendronate, memantine, and tobramycin to
AuNPs solution, the average core diameters
were relatively stable (9.68 ± 0.15 nm) as obvious in HRTEM images in Figure (5) and the
calculated average core diameter in Table (2). The aggregation and color change of gold nanoparticles occur due to
other factors, other than increasing in the core size of gold nanoparticles which could be due to increase in
hydrodynamic diameter of nanoparticles, attraction, and repulsion forces of the outermost layer of nanoparticles, and
the chemical compositions of drugs.

2:  Mean core diameter, hydrodynamic diameter and Zeta Potential * of gold nanoparticles   in absence and presence of
alendronate, memantine, and   tobramycin.

*The average core diameter, hydrodynamic diameter and Zeta Potential calculated from multiple HRTEM images and
DLS measures.

3.4 Gold nanoparticles hydrodynamic diameter, and surface charge in the absence and presence of medications.

The hydrodynamic diameter of gold nanoparticles solution (52.08 ± 3.54 nm), calculated in Table 2, increase with
increasing drug concentrations, except with alendronate, the hydrodynamic diameter of particles showed very small
change (from 52.08 to 58.94 nm). The gradual increase in hydrodynamic diameter with increasing concentrations from
nano- to micro is very large with tobramycin (from 135.3 to 332.16 nm) compared to memantine (from 64.99 to 98.41
nm) as shown in Figure 5 and Table 2. This may be attributed to the bulk structure of tobramycin and its various
functional groups as shown in Figure 6 which accelerate the accumulation of more drug molecules on the surface of
gold nanoparticles. While memantine structure is very small and has only one primary amine functional group available
for reaction. Similarly, the average zeta potentials were measured by Zeta Potential Analyzer to analyze the surface
charge of gold nanoparticles as in Table 2. The greatest decrease in negativity was with memantine (from 0.26 to 0.53
mv), while with tobramycin obviously decreased in the micro-level (from -23.63 to -1.64 mv). But with alendronate, a
slight increase in negativity (from -24.56 to -30.23 mv).

3.5 Proposed gold nanoparticles’ reactivity mechanism
The stabilization of Turkevich gold nanoparticles is attributed to the electrostatic inter- actions of the negative coating
layers of citrate-anions with the nanoparticle core which keep the particles suspended in the colloidal solution without
precipitation [22]. The suggested stability of Turkevich gold nanoparticles after the addition of solutions of the tested
drugs (Alen., Mem., Tobr.) could be explained from the chemical structures (Fig- ure 6) as follows. It can be observed that
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the three drugs contain a primary amine group (−NH2) which may interact with the negative case of alendronate, there is
only one primary amine group (−NH2) that could interact with the weak carboxylic acid groups (−COO−) of citrate-anions,
leaving the bis-phosphonate group (−COH(PO3H2)2) freely coating the outer most layer of nanoparticles. This sec- ond
negative layer of the bis-phosphonate group in alendronate could be used as another stabilizing and protective
layer, which may contribute to the compatibility of gold nanoparticles with alendronate. On the other hand, memantine
also contains only one primary amine group (−NH2) like alendronate, that could interact with the weak carboxylic acid
group (−COO−) till complete saturation of the outer most layer of gold nanoparticles with memantine leaving this layer
uncharged by the hydrocarbon chains.  It was observed that memantine exhibits positive zeta potential as in Table 2
which could be explained by the presence of the hydrocarbon chains, that may form weak ionic inter- actions with matrix
materials which may lead the attraction of gold nanoparticles to each other at the micro-level. On the contrary,
Tobramycin that contains more than one primary amine group (−NH2), may interact with the gold nanoparticles in many
directions. This may explain why tobramycin has rapid reactivity toward these nanoparticles. All these suggested
mechanisms have been illustrated in the proposed diagrams (Figure 6).

4 Conclusion
The Turkevich gold nanoparticles’ reactivity to some speci�c drugs like alendronate, memantine, and tobramycin, which
target bone, brain, and microorganisms, has been tested. In this work, it was obvious that the reactivity of nanoparticles
with medications depends on both the structure bulkiness and the concentrations used. As just a consequence, the
reactivity order could be arranged as follows: tobramycin (micro-level) > memantine (micro-level) > alendronate (milli-
level). Alendronate showed no reactivity at any con- centration level as mentioned in the above proposed mechanism.
One of the explanations of the nanocrystals’ color change and aggregation could be the increase in hydrodynamic
diameter and the decrease in zeta potential (negativity). Both parameters already change in case of memantine and
tobramycin while remain almost stable with alendronate. Finally, to avoid aggregation of gold nanoparticles for the
purpose of targeted drug delivery in reactive medications such as memantine and tobramycin, concentrations should be
lowered to the nano-levels. Further in vivo research needs to be done to ascertain this phenomenon.
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Figures

Figure 1

Chemical structures of alendronate, memantine, and tobramycin molecules

Figure 2

Illustrative diagram for steps of AuNPs synthesis and experimental color change
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Figure 3

Figure 2: Spectrophotometric and spectro�uorimetric characterization of AuNPs at λmax 520 nm and λex 

Figure 4

Figure 3: Absorbance spectra for gold nanoparticles loaded by alendronate, memantine, and tobramycin. (a) AuNPs with
alendronate (micro-level). inset 1 in-(a) stability of particles with Alen. over (20 min.) at conc. range (0.11-1.48 E-
02 mM). inset 2 in-(a) linearity and correlation coefficient of Alen. conc.  vs.  absorbance.  (b) AuNPs with memantine
(nano-level).  inset 1 in-(b) stability of particles with Mem. over (20 min.)  at conc.  range (33.46-336.43 nM). inset 2 in-(b)
linearity and correlation coefficient of Mem. conc. vs absorbance. (c) AuNPs with tobramycin (nano-level). inset 1 in-(c)
stability of particles with Tobr. over (20 min.) at  conc. range (4.28-128.34 nM). inset 2 in-(c) linearity and correlation
coefficient of Tobr. conc. vs absorbance.

Figure 5
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Figure 4: Red shift in absorbance spectra for gold nanoparticles loaded by memantine, and tobramycin. (a) AuNPs with
memantine (micro-level). (b) AuNPs with tobramycin (micro- level).

Figure 6

Figure 4: HRTEM images for gold nanoparticles alone and loaded by alendronate, memantine, and
tobramycin. (a) AuNPs alone. (b) AuNPs loaded with tobramycin (nano-level). (c) AuNPs loaded with alendronate (micro-
level). (d) AuNPs loaded with memantine (micro- level). (e) AuNPs loaded with tobramycin (micro-level).

Figure 7

Figure 5: Average hydrodynamic diameter of gold nanoparticles alone and with the various concentrations of
alendronate, memantine, and tobramycin

Figure 8

Figure 6: Proposed gold nanoparticles’ reactivity with alendronate, memantine, and tobramycin.
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