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ABSTRACT
Objectives: Gold nanoparticles are very popular metallic nanomaterials and they have a wide spectrum of
biomedical applications. This study was aimed to the production of stable and monodisperse polyethyleneimine
(PEI) and polyethylene glycol (PEG) coated gold nanoparticles (AuNP20 and AuNP50), investigation of their
in vivo biochemical effects in the BALB/c mice.
Methods: Gold nanoparticles were synthesized and their surfaces were modified by PEI and PEG. All the
necessary physicochemical characterizations were performed. After the single high dose i.v. injection (5 mg
Au/kg animal weight) of the AuNP groups, their in vivo biochemical effects were evaluated multiparametrically
in the mice on day 14.
Results: Highly monodisperse and stable AuNPs were synthesized successfully. Significant changes in the
biochemical hemogram parameters were observed depending on the surface coatings of the AuNPs. PEI and
PEG surface coatings increased biocompatibility. No excessive oxidative stress response was observed in all
the gold nanoparticle groups.
Conclusions: It has been concluded that the surface chemistry of the particles is a more decisive parameter
than the size in terms of in vivo biochemical toxicity. The surface functionalization, stability and
biocompatibility of the AuNPs are important parameters for the potential biomedical applications of gold
nanoparticles in future studies.
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Due to their unique chemical and physical proper-
ties, gold nanoparticles (AuNPs) have a wide

range of applications in the biomedical field [1]. With
the development of more innovative and effective
nanomaterial designs, AuNPs have been widely pre-
ferred in biomedical research recently, with applica-
tions that include antibacterial studies [2], biosensors
[3], detection systems [4], imaging [5], DNA/RNA de-
livery [6, 7], drug delivery [8], photothermal therapy

[9] and targeted therapy [10]. The synthesis method,
surface coating, size of the nanomaterials, duration
and concentration of the exposure play a decisive role
on the toxicity of the nanoparticles [11]. 
      In some in vitro studies in the literature, it has been
shown that gold nanoparticles without surface func-
tionalization were clustered in larger endosomes in the
cells by forming aggregates. It has also been reported
that generally smaller particles cause more cellular
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toxic effects. It has been reported that PEG-coated
gold nanoparticles including small ones, do not cause
cellular toxic effects. In addition, it has been shown
that particles are localized to smaller endosomes, re-
duced aggregation and increased cellular particle up-
take, thanks to the PEG coating. In the literature, it has
been evaluated that PEI surface coating improves cel-
lular nanoparticle uptake, stability and biocompatibil-
ity. Under controlled synthesis conditions, a thin layer
of low molecular weight PEI surface coating increases
the stability of the particles and provides a positive
charge [12-19]. 
      Previous in vivo studies have been conducted to
evaluate the toxicity and biochemical effects of differ-
ent gold nanoparticles. It has been demonstrated that
the PEG coated various gold nanoparticles increase
the stabilization and circulation time in the blood and
reduce toxicity [20]. Researchers have shown that
smaller nanoparticles lead to more toxic effects and
excessive oxidative stress production [21]. Further in
vivo studies are needed to determine the biochemical
effects of the various gold nanoparticles and their role
in nanotoxicity. 
      This study was aimed to the production of stable
and monodisperse polyethyleneimine (PEI, positively
charged) and polyethylene glycol (PEG, slightly neg-
atively charged) coated gold nanoparticles (AuNP20
and AuNP50), investigation of their in vivo biochem-
ical effects in the BALB/c mice. Thus, in addition to
conventionally synthesized citrate stabilized gold
nanoparticles, AuNP variations with different surface
chemistries and charges were obtained. In addition,
considering the two different AuNP sizes, biochemical
effects of various physicochemical parameters of the
particles were evaluated apart from the literature.

METHODS

Gold Nanoparticles Synthesis, Surface Functional-
ization and Characterization 
      As a first stage, gold seed nanoparticles (AuNP20)
were synthesized and used in the synthesis of gold
nanoparticles with average size (AuNP50) in the fol-
lowing stages. Seed AuNPs were produced by modi-
fying the Turkevich synthesis method [22]. Briefly,
after 100 ml, 0.25 mM chloroauric acid (H[AuCl4])
solution (Sigma-Aldrich) was prepared, the trisodium

citrate dihydrate (reducing agent, Sigma-Aldrich) so-
lution was added at a concentration of 0.033% by in-
creasing the rotational speed of the boiling solution.
After the prepared seed AuNP solution was cooled, it
was centrifuged (Thermo-Scientific, MicroCL 21R) at
7,000 g for 30 min. Then, it was dispersed in deionized
water. AuNPs of 50 nm size were synthesized by the
seeding-growth method [23]. 100 ml of 0.25 mM
chloroauric acid solution was prepared again, then 2.4
ml of seed AuNPs were added to the solution and
mixed at medium rotational speed. Trisodium citrate
was added at a concentration of 0.15 mM, and 1 ml of
25 mM hydroquinone (Sigma-Aldrich) solution was
added and mixed for 10 min. In the next step, the syn-
thesized AuNPs of 50 nm size were centrifuged at
7000 g for 30 min and then dispersed in deionized
water. 
      For the purpose of PEI coating of all the AuNPs,
2% PEI (Mw: 10000-25000, Sigma-Aldrich) stock so-
lution was prepared and it was added to the AuNPs so-
lution at 0.005% final concentration and mixed for 1
h [17]. After the PEI coating, all the AuNPs solutions
were centrifuged at 7000 g for 30 min and then dis-
persed in deionized water. For the purpose of PEG
coating of all the AuNPs, 0.15 mM PEG-SH (Mw:
5000, Nanocs) solution was prepared and 100 μl of the
solution was added to each ml of the synthesized
AuNPs solution and mixed for 1 h. After the PEG
coating, all the AuNPs solutions were centrifuged at
7000 g for 30 min and then dispersed in deionized
water [18]. 
      Inductively coupled plasma mass spectrometry
(ICP-MS) measurements were applied (Perkin Elmer
ICP-MS, Nexion 300X) to precisely quantify the
amount of the gold (Au) in all the synthesized AuNPs
solutions. For subsequent in vivo studies, all the
AuNPs solutions were standardized to contain gold
(Au) at 500 μg ml-1 concentrations. All the synthesized
AuNPs were characterized regarding size and zeta po-
tential using a zeta-sizer (Zetasizer Ultra-Malvern).
Scanning electron microscope (SEM) images were
taken (SEM-Zeiss Geminisem 500). The shifts in sur-
face plasmon resonance (SPR) spectrum was deter-
mined by UV-visible spectrophotometer (Shimadzu
UV-1800). 
      Fourier Transform Infrared Spectra analysis were
carried out with Pelkin Elmer Spectrum Two equipped
with ATR apparatus within the spectral region of
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4000-400 cm-1 wave number at room temperature.
Samples were scanned 4 times at a resolution of 2 cm-

1 to get average spectra. To obtain FTIR spectra of
samples, two drops of solution located on the crystal
and the solvent were evaporated to eliminate solvent
peaks from the spectra of the samples. FTIR spectra
of AuNP20, AuNP23-PEI, AuNP24-PEG, AuNP50,
AuNP56-PEI and AuNP57-PEG were obtained and an-
alyzed. 

Animals 
      A total of 21 male adult BALB/c mice were used
for all the in vivo biochemical analysis. All the animal
procedures were performed by virtue of Istanbul
Medipol University Institutional Animal Care and Use
Committee (IMU-HADYEK, Approval date/number:
May 18, 2017 / 21). For the biochemical analysis, all
the AuNP groups were dissolved in sterile PBS (250
μl) and injected as a single high dose (5 mg Au/kg an-
imal weight) from the tail vein of the mice. All the
mice were allowed free access to drinking water and
diet. The cages were located in temperature-controlled
normal room conditions and a light:dark period of 12
h. 

Biochemical Analysis 
      The effects of various AuNPs groups on the
changes in selected biochemical parameters (includ-
ing; hemogram values, creatinine, alanine aminotrans-
ferase-ALT, aspartate aminotransferase-AST, total
antioxidant capacity-TAC, total oxidant status-TOS)
in mice were investigated. For this purpose, blood
samples were collected via cardiac puncture which is
considered a euthanasia procedure and should be per-
formed only after ensuring that the animal was under
deep anesthesia, from the mice 14 days post injection.
Serum and plasma samples were obtained quickly by
centrifugation at 3000 rpm for 10 min. Creatinin levels
were measured with Jaffe method, and also ALT/AST
parametres were measured with colorimetric method
by the fully automatic analyzer (ROCHE module
Cobas 6000), and the kits were procured by ROCHE.
Hemogram values were analyzed with flow cytometry
method by using hematology analyzer system (SYS-
MEX XN 1000). 
      The TAC and TOS values were measured colori-
metrically in the mice serums using the methods de-
veloped by Erel [24, 25]. The principle of TAC

measurement is briefly as follows: ABTS [2,2′-azino-
bis (3-ethylbenzothiazoline-6-sulfonic acid)] (Sigma-
Aldrich) reagent is made radical with hydrogen
peroxide by keeping the pH of the environment con-
stant in the presence of acetate buffer (Sigma-Aldrich)
solution. Following the addition of serum, antioxidants
in the serum neutralize the existing ABTS radicals. As
a result, the solution’s color becomes lighter and the
absorbance is measured at 658 nm. The principle of
TOS measurement is briefly as follows: Fe2SO4

(Sigma-Aldrich) dissolves in water and releases Fe2+

ions. The oxidants in the serum enable Fe2+ to be oxi-
dized to Fe3+. The X-orange reagent (Sigma-Aldrich)
used gives a colored complex with Fe3+. The ab-
sorbance is measured at 658 nm. After TAC and TOS
values are obtained, oxidative stress index (OSI) is cal-
culated using the formula (TOS) / (TAC × 10). 

Statistical Analysis 
      All the measurement and analysis results were
given in tables. The numerical results represented the
average values of three replicate measurements. Only
the measurement results in the confidence interval of
the device were used. No additional statistical ap-
proaches were used for differences between groups.
Due to the large number of measured parameters, dif-
ferences between the groups were discussed in the
text.

RESULTS

Characterization of the AuNPs 
      The main characteristic properties of the synthe-
sized gold nanoparticle groups are shown in Table 1.
Seed gold nanoparticles (AuNP20) were synthesized
by the modified Turkevich method and were used in
the synthesis of nanoparticles with the medium size
(AuNP50). 
      The gold nanoparticle size increased depending on
the PEI and PEG surface functionalizations. Addition-
ally, the polydispersity index (PDI) values remained
below 0.2, showing highly monodisperse level. The
changes in UV-visible peaks for seed and medium
sized AuNRs occurred depending on the surface coat-
ings. After the PEI coating, there was a significant pos-
itive increase in the zeta potentials. On the other hand,
after the PEG coating, the zeta potential values re-
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Fig. 1. SEM images of synthesized gold nanoparticles. (A) AuNP20. (B) AuNP23-PEI. (C) AuNP24-PEG. (D) AuNP50. (E)
AuNP56-PEI. and (F) AuNP57-PEG. AuNP = gold nanoparticles, PEI = polyethyleneimine, PEG = polyethylene glycol.
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mained as negative (Table 1). According to the SEM
images shown in Fig. 1, it is seen that highly monodis-
perse and stable gold nanoparticles have been synthe-
sized. Again, the size measurements were also verified
based on the SEM images. The PEI and PEG surface
coatings are clearly visible, especially for the medium
sized AuNPs (Figs. 1E and 1F). As shown in Figs. 1B
and 1E, when AuNP was covered with PEI molecules,
FTIR spectra of AuNP23-PEI and AuNP56-PEI yielded
similar bands as PEI. The C-H stretching bands and
N-H bending bands were observed at 1116 cm-1 and at
1574 cm-1 respectively which are similar to the posi-
tions observed with PEI. The peak at 3276 cm-1 and
the shoulder at 3344 cm-1 are N-H stretching bands.
The characteristic C-H stretching band is located at
2813 cm-1 [26]. The similar bands as PEG were
shown in Figs. 1C and 1F. PEG, AuNP24-PEG and
AuNP57-PEG spectrum peaks observed at 2883 cm-1

and 2971 cm-1 represent -CH2 and -CH3 asymmetrical
vibrations respectively, whereas the peaks at 1115 cm-
1 show -OH asymmetrical vibrations (Fig. 2) [27]. 

The Effects of the AuNPs on the Various Biochemical
Parameters
      The effects of different AuNP groups on the
changes in the selected biochemical parameters in the
mice were investigated on day 14 after a single i.v. in-
jection (5 mg Au/kg animal weight) of the gold
nanoparticle groups (Table 2). All the biochemical in-
vestigations were carried out using AuNP groups at a
considerably higher dose than the literature. Signifi-

cant changes in the biochemical parameters were ob-
served depending on the surface coatings of the gold
nanoparticles. Up to two-fold increases in the leuko-
cyte percentages were observed compared to the con-
trol group with no AuNPs exposure. Additionally, PEI
and PEG surface coatings slightly reduced this exces-
sive increase. When the hemogram data were evalu-
ated in terms of other standart parameters, generally
the values were observed closer to the control group
in the AuNP-PEI and AuNP-PEG groups. 
      According to the results of creatinine analysis ap-
plied to investigate kidney function, it was observed
that the values increased up to two times compared to
the control group. Nevertheless, it was evaluated that
the values especially in PEI coated AuNP groups were
closer to the control group. The liver, which is the
organ where nanomaterial accumulates the most, is
also very important in terms of nanotoxicity evalua-
tions. The measured ALT and AST values were similar
to the results of the cretain analysis. Additional surface
coatings of the AuNPs (especially in the PEI groups)
significantly reduced the excessive rise of these val-
ues. The ALT and AST levels excessively increased in
direct relation to liver dysfunctions in the AuNP20 and
AuNP50 groups. The TAC, TOS and OSI values meas-
ured as a result of these two values were generally
considered to be close to each other. No excessive ox-
idative stress response was observed in all the gold
nanoparticle groups. Again, TAC and TOS values in
the surface functionalized AuNP groups were closer
to the control group. Generally, in terms of all the bio-
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chemical data, the PEI coating was evaluated to be
more advantageous than the PEG coating. 

DISCUSSION

Two different sizes of gold nanoparticles (AuNP20 and
AuNP50) were successfully synthesized by the modi-
fied Turkevich method and seeding-growth method.
Highly stable and monodisperse AuNPs were ob-
tained. PEI and PEG surface coatings of the AuNPs
made the nanostructures more stable, additionally pre-
vented the aggregation of the particles. The particle
sizes increased depending on the PEI and PEG surface
modifications. Especially, after the PEI coating, there
was a significant positive increase in the zeta poten-
tials. Gold nanoparticles have a strong binding affinity
to chemical groups such as; amine, thiol and disulfide.
In this approach, nanoparticles can be easily physi-
cally modified with various polymers or biomolecules
without the need for covalent bonds [28, 29]. In the

protocol we followed, the PEI coating was carried out
as a thin layer after synthesis under highly controlled
conditions. In the PEG coating, polymer containing
thiol group was used and an increased chemical sta-
bility was successfully achieved again. Positively
charged nanoparticles could easily interact electrosta-
tically with negatively charged molecules such as
DNA and RNA directly. As this situation may facilitate
DNA or RNA transfer, this is a great advantage for po-
tential nanotherapeutic areas such as gene delivery,
gene silencing and other molecular therapies [30-33]. 
      Foreign molecules in the bloodstream are recog-
nized by reticuloendothelial system (RES) elements
through the opsonization process. The foreign sub-
stances are then transported to the liver and spleen by
coating with antibodies for inactivation process [34].
After the intestinal nanomaterial absorption, signifi-
cant accumulation occurs in the liver and spleen, fol-
lowed by the kidneys and circulatory system [35]. As
a result of i.v. injection of the AuNPs to mice with a
single high dose (5 mg Au/kg animal weight) through
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the tail vein, the various biochemical effects of particle
groups were investigated on day 14. When the bio-
chemical blood analysis data were evaluated, signifi-
cant changes were observed depending on the surface
coatings of the gold nanoparticles. Generally, in the
AuNP-PEI and AuNP-PEG groups, the biochemical
values were observed closer to the control group. PEI
and PEG surface coatings increased biocompatibility.
No excessive oxidative stress response was observed
in all the AuNP groups. It has been evaluated that the
surface chemistry of the particles is a more decisive
parameter than the size over the biochemical toxicity
in our study. Unlike our results, Lopez-Chaves et al.
demonstrated that smaller particles lead to more toxic
effects after the I.P. injection of the AuNPs of different
diameters (10, 30 and 60 nm in sizes) to Wistar rats
[36]. 
      In terms of all the biochemical data in our study,
the PEI functionalization was considered to be more
advantageous than the PEG coating. In a study using
glutathione coated AuNPs of 1.2 nm in diameter as an
alternative to PEG coating, the researchers have
demonstrated a low toxicity and immune response
over the 4-weeks after the subcutaneous administra-
tion to the BALBc/cAnNHsd mice [37]. 
      In the literature, it is seen that similar results were
obtained in some studies using gold nanorods
(AuNRs). After intratumoral injection of PEG-func-
tionalized gold nanorods in cats and dogs, the re-
searchers showed that the surface-modified
nanostructures did not adversely affect biochemical
blood parameters, kidney and liver functions within
one-month period [38]. In another study evaluating the
in vivo effects of PEG coated AuNRs functionalized
with RGD and GLF, it was interestingly shown that
PEG coated nanostructures increased ALT levels more
than CTAB stabilized ones [39]. 
      In a gold nanoparticle study, the in vivo toxic ef-
fects of CALNN pentapeptide coated AuNPs of 20 nm
in diameter have been evaluated in a long period of 28
days. As a result of administration of a single dose (0.7
mg Au/kg of body weight) intravenously of the AuNPs
to the rats, Fraga et al. showed that the ratio of red
blood cells and hemoglobin/hematocrit levels de-
creased significantly. They evaluated the other he-
mogram values as normal [40]. Based on all these
results; the surface coating, size, stability and biocom-
patibility of the AuNPs are important parameters for

the potential biomedical applications of gold nanopar-
ticles in future studies. 

Limitations 
      The limitation of this study was that the biochem-
ical analyses were carried out for only one day (day
14) due to the insufficient number of animals. If the
measurement days could be determined for short and
long time period, time dependent effects of the
nanoparticles could be investigated as well.

CONCLUSION

In summary, we have performed a multiparametric
study to understand the biochemical effects of the gold
nanoparticles with different surface coatings and sizes
in the mice. It has been concluded that the surface
chemistry of the particles is more decisive parameter
than the size in terms of in vivo toxicity. PEI and PEG
surface coatings increased biocompatibility. No exces-
sive oxidative stress response was observed in all the
AuNP groups. Generally, it has been evaluated that
PEI surface functionalization is more advantageous
than PEG coating for potential in vivo applications.
The surface modification, stability and biocompatibil-
ity of the AuNPs are important parameters for the bio-
medical applications of gold nanoparticles in future
studies.
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