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The synthesis of ultrafine gold nanoparticles in presence of maltose modified hyperbranched
poly(ethyleneimines) (PEI) is described. The polymer acted as both a reducing and stabilising
agent in the particle formation process. The nanoparticles were characterized by means of
dynamic light scattering (DLS), transmission electron microscopy (TEM), analytical ultracentri
fugation (AUC), small angle x ray scattering (SAXS), and small angle neutron scattering
(SANS). The mechanism of nanoparticle formation can be described in two steps. The reduction
process of the Au3þ ions located in the inner coil region of the hyperbranched PEI led to the for
mation of a compact gold core, and is accompanied by a collapse of the polymer coil. Therefore,
in the subsequent reduction process a gold polymer hybrid shell is formed. By using the PEI of
higher molar mass, core shell gold nanoparticles of about 3.6 nm size with a more narrow size
distribution and special fluorescence behavior could be synthesized.

Keywords Gold nanoparticles, gold polymer hybrid shell, maltose modified poly
(ethyleneimine)

1. INTRODUCTION

Gold nanoparticles have attracted considerable atten-

tion because of their unique optical, electronic and mag-

netic properties,[1–5] as well as potential applications in

catalysis and biology.[6,7] The particles are used for example

to enhance the sensitivity of diagnostic assays,[8] in radio-

therapy,[9] as well as in drug delivery systems,[10] or to

improve the catalytic activity of palladium and platinum

catalysts.[11,12]

Several methods can be employed for the synthesis of

gold nanoparticles from a diluted tetrachloroaureate sol-

ution. The reduction process can be carried out in different

template phases, for example, using linear polymers

or highly branched structures such as dendrimers,[13–17]

microemulsions,[18,19] polymer gel templates,[20,21] or mixed

phospholipid vesicles.[22] Alternatively, the reduction can

occur in diluted aqueous or alcoholic solutions by adding

reducing agents (e.g., sodium salt of citric acid,[23] sodium

borohydride NaBH4,
[24,25] tannin, or urine[11,26]) to the

aqueous solution of the HAuCl4 precursor.

The synthesis of small, monodisperse nanoparticles is

still a major challenge in nanotechnology research. Taking

into account the well established scientific fact that smaller

particles exhibit increased driving forces to aggregate to

diminish surface energy, a protective coating, or ‘‘cap-

ping,’’ is necessary during the particle synthesis. However,

it is desirable to keep the nanoparticles formed in a finely

dispersed state. To prevent aggregation or coagulation

phenomena in colloidal systems, the nanoparticles have

to be stabilized electrostatically or sterically.

It is already demonstrated that thiolate-protected gold

nanoparticles of smaller size (from 1 5 nm) can be pre-

pared in the presence of thiol capping ligands in different

solvents.[26–30] The disadvantage of this method is the

toxicity of the organic solvent used, and restrictions of sur-

face modification and functionalization due to the thiolate

capping ligands. Another possibility is to use a polymer as

an effective protective agent for synthesising size and shape
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controlled gold nanoparticles.[31] Therefore, different types

of polymers can be applied, including DNA,[32,33]

thermo-responsive polymers (e.g., PNIPAM[34]), or amphi-

philic block copolymers.[35] Most commonly used polymers

are poly(vinylpyrrolidone), poly(ethylene glycol) and their

block copolymers.[36–38] Polyelectrolytes, which are water

soluble macromolecules with a lot of dissociating func-

tional groups, are of special interest for stabilising nano-

particles due to the fact that they combine the steric

stabilising effect with the electrostatic one. Thus, their

use results in an electrosterically stabilized colloidal

system.[39]

Furthermore, it was shown that polyanions (e.g., polya-

crylates[40]), polyampholytes (e.g., maleic acid copoly-

mers[41]), as well as polycations[42] can be successfully

used. Different research groups have already shown that

for example linear and branched poly(ethyleneimines)

(PEI) can reduce a gold chloride solution and stabilize

the gold nanoparticles formed.[18,43–48] Sun et al.[49] have

prepared very stable, but polydisperse PEI-stabilized gold

nanoparticles.

Recently, we have demonstrated that oligosaccharide-

modified poly(ethyleneimines) can be successfully used in

the gold nanoparticle formation process, too.[49] Gold

nanoparticles with particle diameters between 2 and

20 nm were obtained. The size and shape of the

polymer-stabilized nanoparticles can be tuned by changing

the solute concentration, the time of heating, as well as the

pH value. Besides, differences in the reducing and stabilis-

ing properties of the PEI samples were found in depen-

dence on the degree of substitution with oligosaccharides.

Therefore, we were able to show that the reducing power

is related predominantly to the secondary amino groups

according to a reduction mechanism already proposed by

Wang et al.[50]

However, the mechanism of particle formation is not

well understood. Also, the synthesis of monodisperse, bio-

compatible gold nanoparticles by this way is still a chal-

lenge. Furthermore, it is still an open question, why the

hydrodynamic radius of the polymer-stabilized gold nano-

particles measured by dynamic light scattering was quite

equal to the radius of the gold particles obtained by

transmission electron microscopy.[49]

Therefore, our research is directed towards the better

understanding of the formation mechanism of ultrafine

gold particles (�5 nm in size) in the presence of

oligosaccharide-modified hyperbranched PEI. Especially,

the stabilization of such gold nanoparticles is mainly

assumed to take place by an interfacial uptake process at

which the gold nanoparticles are preferentially wrapped

by several PEI macromolecules. This simplified expla-

nation will hide from other potential stabilization pro-

cesses. One possible stabilization process can be an

isolated gold nanoparticle in the dendritic scaffold of the

oligosaccharide-modified hyperbranched PEI. This imagin-

able stabilization of very small gold nanoparticles is also

tailored by the structural features of the oligosaccharide-

modified hyperbranched PEI to act simultaneously as

reducing and stabilising agent.

For the present work we synthesized two maltose-

modified hyperbranched PEI samples I and II. The only

difference of both samples (I and II) is their molar mass.

For a more comprehensive characterization of the gold

nanoparticles with regard to growth and stabilization pro-

cesses, we compared DLS with SAXS and SANS measure-

ments and used the ultracentrifugation technique in

combination to high resolution transmission electron

microscopy (HRTEM). The aim of the study was to estab-

lish the next generation of biocompatible sugar-modified

gold nanoparticles with special fluorescence features.

2. EXPERIMENTAL

2.1. Materials

The hyperbranched poly(ethyleneimine) samples I II

(Figure 1) were synthesized via a reductive amination of

the hyperbranched PEI, with Mw of 5,000 and 25,000 g=
mol. The molar ratio of PEI and maltose was 1:0.5.

Further details of the synthesis and characterization of

the maltose-modified PEI have been published.[51] The

metal precursor hydrogen tetrachloroaureate HAuCl4 was

purchased from Aldrich. Water was purified with the

Modulab PureOne water purification system (Continental).

2.2. Colloidal Gold Preparation

Aqueous solutions of the two maltose-modified PEI

samples I and II (1% by weight) were prepared and stirred

FIG. 1. Structure of the maltose modified poly(ethyleneimine).
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24 hours before use. The aqueous tetrachloroaureate

precursor solution (2mM) was freshly prepared. Each

polyelectrolyte solution was mixed with the metal precur-

sor solution in a weight ratio of polyelectrolyte to

metal¼ 1:1 at room temperature.

2.3. Methods

2.3.1. Dynamic Light Scattering

Dynamic light scattering measurements were carried out

at 25�C at a fixed angle of 173� by using a Nano Zetasizer

3600 (Malvern), equipped with a He-Ne laser (4mW) and a

digital autocorrelator. It has to be mentioned here that this

173� backscattering technique is a useful method to detect

particles of very small dimensions down to 1 nm. Recently

published data show that subnanometer measurements are

achievable with a precision of 0.1 nm.[52] The particle size

distribution was determined by using a multimodal peak

analysis by intensity, volume, and number. The mean par-

ticle size is the average value of 10 measurements by using

the multimodal peak analysis by number.

2.3.2. UV-Vis Spectroscopy

UV-vis experiments were performed with a LS 5 (Perkin

Elmer) UV-vis NIR spectrometer in the wavelength range

between 200 and 800 nm using quartz cuvettes with a path

length of 1 cm.

2.3.3. Luminescence Spectroscopy

A Fluoromax-3 spectrofluorometer (Horiba Jobin

Yvon) was used to measure the fluorescence. The spectra

were recorded in a wavelength range between 530 and

750 nm at the excitation wavelength of 510 nm.

2.3.4. Transmission Electron Microscopy

Samples were prepared by dropping the colloidal disper-

sion on the copper grids. After air drying the samples were

examined in the transmission electron microscope EM 902

(Zeiss) at an acceleration voltage of 90 kV. For a more

comprehensive characterization high resolution trans-

mission electron microscope (HRTEM) images of the par-

ticles were conducted in a LIBRA 200FE-HT (Zeiss), and a

JEM-2200 FS (JEOL), respectively.

2.3.5. Analytical Ultracentrifugation

Analytical ultracentrifugation (AUC) is a fractionating

technique for determination of the particle size distri-

bution.[53,54] It is an absolute method demanding no stan-

dards and can detect particles with sizes less than 1 nm

up to 5000 nm. An important parameter for the evaluation

is the knowledge of the particle density which can be prob-

lematic for charged, small, and hybrid nanoparticles. Ana-

lytical ultracentrifugation was performed on an Optima

XL-I (Beckman Coulter) using the UV-vis absorption

optics at 25�C.

2.3.6. Small Angle X-Ray Scattering (SAXS)

Mean size and size distribution of gold nanoparticles

can be determined by small angle x-ray scattering (SAXS).

SAXS measurements were carried out in D2O, using the

ID02 instrument at the ESRF, Grenoble (France). A wave-

length of 0.995 Å and a sample-to-detector distance of

1.0862m were used. The exposure time amounted to

100ms.

2.3.7. Small Angle Neutron Scattering (SANS)

For obtaining more detailed information about the

core-shell structure of the particles, small-angle neutron

scattering (SANS) measurements were carried out in D2O

as solvent in order to have a better contrast. The SANS

experiments were carried out at the Laboratoire Léon Bril-

louin (LLB), Saclay (France), using the PAXY instrument

installed on the neutron guide G2 (cold source) of the

Orphee reactor. A wavelength of 5 Å and sample-to-

detector distances of 1.2 and 5m were employed thereby

covering a q-range of 0.009 to 0.38 Å 1. The raw data

recorded on a 128�128 2-dimensional detector were azi-

muthally averaged, corrected for the background due to

cell scattering and detector noise, and then, by taking into

account the transmission of the samples, converted into

absolute units by calibration with the intensity of the direct

beam.[55] The solvent scattering was not subtracted there-

fore the scattering data still contain the incoherent back-

ground of the solvent. All SANS measurements were

performed at 25� 0.2�C.

3. RESULTS AND DISCUSSION

After mixing the maltose-modified PEI solution (1wt%)

with the 2mM HAuCl4 solution in a mass ratio of 1:1, the

mixture was stirred for 5 days at room temperature. Thus,

a brown colored solution was observed.

3.1. UV-Vis Measurements

Red colored, colloidal gold sols with particle sizes of

about 20 nm, produced by the well-known route of

Turkevich (already published more than 50 years ago[23]),

show an absorption maximum at about 520 nm. Note,

the distinct value of the absorption maximum of colloidal

gold sols strongly depends on the particle size, the type

of stabilizer, and the step of aggregation.[18,26,39]

Subnanometer-sized gold clusters show an absorption in

the 400 420 nm range. For example brown colored Au11
clusters with diameter of about 0.8 nm exhibit an absorp-

tion maximum at 415 nm, which can be assigned to the

5d! 6 s interband transitions in the cluster core.[56]
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The UV-vis spectrum of our brown colored solution I

(Figure 2a) shows a plateau between 425 and 550 nm. Thus,

a broad particle size distribution can be assigned from very

small gold clusters (<3 nm in size) up to ‘‘larger’’ gold

nanoparticles in the size range of about 10 nm.

The distinguishing feature between the UV-vis spectrum

of the gold nanoparticles synthesized with sample II

(Figure 2b) and the spectrum with sample I (Figure 2a) is

that the absorption shoulder at 520 nm is not so pro-

nounced and only a clear absorption maximum at 435 nm

can be observed. That indicates the formation of

significantly smaller gold nanoparticles.

Therefore, the following investigations were performed

with the higher molecular weight sample II.

3.2. DLS Measurements

Dynamic light scattering is a useful method to determine

the particle size and particle size distribution of polymer

coils as well as nanoparticles.

The hydrodynamic diameter of the aqueous solution of

PEI sample II (in absence of a gold chloride solution) is

6.9� 2.7 nm. When the polymer solution is mixed with

the HAuCl4 solution, accompanied by the direct visible

color effect, the DLS particle size distribution shows two

particle fractions at 3.6 and 15.3 nm in the intensity plot.

It has to be mentioned that the fraction at 15.3 nm disap-

pears in the number plot (Figure 3). Therefore, one can

conclude that the main fraction is the gold nanoparticle

fraction with mean diameter of 3.6� 1.2 nm, and the other

one is only an aggregate fraction of minor concentration.

The disappearance of the polymer peak at 6.9 nm after

mixing with the gold precursor solution can be explained

by a compactization of the polymer coil during the

nanoparticle formation process. To facilitate the assump-

tion time dependent DLS measurements were performed.

After mixing the polymer solution with the metal precursor

solution the polymer coil dimension decrease to

4.6� 1.3 nm (Figure 4). Thus, the compactization of

the polymer coil is caused by the formation of the

nanoparticles.

3.3. AUC Measurements

The analytical ultracentrifugation (AUC) is a well estab-

lished method to determine the size and shape of colloidal

particles. The particle size and particle size distribution can

be obtained by measuring the sedimentation velocity.

FIG. 2. UV vis spectra of gold nanoparticles produced with sample I

and sample II at room temperature.

FIG. 3. Intensity and number plot of DLS of the gold nanoparticle

solution.

FIG. 4. Time dependent DLS measurements during the gold nano

particle formation.
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In the last decade, the application of AUC to nanoma-

terial analysis has been expanded substantially. Here, dif-

ferent nanoparticles, for example, TiO2, Fe3O4, ZrSO4,

FePt, ZnO, and Pt were characterized[57–59] and resolution

of the particle size distribution in the Angström range was

reported.[60] One of the first systems investigated by ultra-

centrifugation was an aqueous gold dispersion almost a

hundred years ago.[61]

The average size of the gold nanoparticles calculated

from the sedimentation coefficient on basis of the bulk gold

density is 0.8 nm (Figure 5). That means the particle size

obtained by means of AUC measurements is significantly

smaller than the diameter measured with DLS. Taking this

discrepancy into account the particle density has to be

checked in more detail, because of the fact that the particle

density is the most important parameter for the particle size

calculation in the AUC. Note, that the density of Au

(19.32 g=cm3) is much higher than the density of the

maltose-modified PEI (1.00082 g=cm3). That means by cal-

culating with the density of the pure polymer shell unreal

large particle dimensions will be obtained. Taken into

account the particle dimensions obtained by DLS one can

conclude that an Au-polymer hybrid shell should be formed.

3.4. SAXS Measurements

Furthermore, the size and size distribution can be inves-

tigated by using the technique of small angle X-ray scatter-

ing (SAXS).[62–64] From the slope in the Guinier plot, a

mean radius can be calculated according to Equation (1).[65]

ln
IðqÞ

Ið0Þ

� �

¼ ÿR2 � q25 ½1�

SAXS pattern of our sample shows an obvious shoulder

at around 0.15 Å 1 (Figure 6). This graph behavior is

characteristic for core-shell systems. Above 0.15 Å 1 the

scattering is dedicated primarily to the core, whereas below

0.15 Å 1 the scattering is related to the shell.

The Guinier plot of the SAXS measurement shows two

linear areas, from those the calculation of the core radius

and shell thickness is possible (Figure 7). The Au core

diameter calculated from a core-shell model is 1.5 nm and

the shell exhibit a thickness of 3.3 nm. Finally the polymer

entrapped nanoparticles are 6.7 nm in size, which is higher

than the diameter obtained by DLS, TEM, and AUC.

Taking into account that we have used the scattering length

density of poly(ethyleneimine) for the shell calculation, we

FIG. 5. AUC spectrum of the gold nanoparticle solution.
FIG. 6. SAXS pattern of the gold nanoparticle solution with a

polydisperse core shell fit. Data were taken at 25�C.

FIG. 7. Guinier plot of the SAXS pattern of the gold nanoparticle

solution.
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conclude, that the synthesized gold nanoparticles consist of

a gold-polymer hybrid shell (with a different scattering

length density as the pure polyelectrolyte) instead of an

unmodified polymer shell.

3.5. SANS Measurements

Small-angle neutron scattering provides information on

the microstructure through measuring angular dependence

of neutron intensity. It is a very useful technique to inves-

tigate for example micelles and interpolyelectrolyte com-

plexes (IPEC) having a core-shell structure[66,67] similar to

the one expected for our polymer covered Au nanoparti-

cles. SANS measurements were performed on gold nano-

particle solution in D2O. The intensity curve was fitted

with a model of a polydisperse homogeneous sphere (black

line in Figure 8).

The diameter obtained from this polydisperse homo-

geneous sphere model is 6.0 nm. The fit shows a good

agreement for the low q-range but significant deviations

for the q-range about 0.1 Å 1 (black broken line in

Figure 8).

In order to account for these deviations, we employed a

polydisperse core-shell model with an Au-core and a poly-

mer shell. By using this fit a much better agreement with

the experimental data can be obtained for particles with a

gold-core diameter of 1.1 nm and a shell thickness of

1.5 nm (grey continuous line in Figure 8), where the shell

accounts for the polymer covering the gold nanoparticles.

3.6. TEM Images

The TEM micrograph of the gold nanoparticle solution

shows the existence of spherical, small nanoparticles. The

diagram of 500 particles (Figure 9) shows a more narrow

size distribution with a mean particle size of 3.1� 1.2 nm.

The nanoparticles were also analyzed by means of

HRTEM to analyze the crystallographic structure.

It is well known that the gold nanoparticles in the order

of few nanometers show different morphologies including

octahedral, icosahedral, or pentagonal decahedral shapes

and their twinned variants.[68] Many researchers have used

the high resolution electron microscopy which provides

direct atomistic information on individual particles.

Figure 9b shows a typical HRTEM image of a spherical

gold nanoparticle 3 nm in size. The experimental HRTEM

images show a typical pattern, where the fringes are sepa-

rated by 2.09 Å. Note that this distance is included in the

list of allowed distances in the gold unit cell, and corre-

sponds to the (200) planes distances for a gold face cen-

tered cubic (fcc) unit cell. However, for a more detailed

consideration HRTEM images have to be compared with

multislice simulations for different morphologies, i.e.,

icosahedron (ih), decahedron (dh), and fcc polyhedrons.[68]

Koga et al. have shown for example that simulation images

of dh particles show similar TEM images in dependence on

the tilting angle.[69] Note that the analysis of the contrast in

icosahedral gold nanoparticles can be quite similar to the

one observed in a quasicrystalline structure.[70]

3.7. PL Measurements

The photoluminescence phenomenon was first reported

in 1998 by Wilcoxon et al., observing a blue emission at

440 nm from gold quantum dots with diameter smaller

than 2.5 nm.[71] Whetten and Murray separately detected

a near-infrared to visible fluorescence by using gold nano-

particles smaller than 1.8 nm.[72–74] The near-infrared lumi-

nescence was led back to the HOMO-LUMO electron

transition, whereas the visible emission was ascribed to

the interband transition between the filled 5d10 band and

the 6sp1 conduction band.[71–73] Figure 10 shows the emis-

sion spectrum of the gold nanoparticle solution excited at

510 nm. The two emission peaks at 560 and 618 nm demon-

strate the fluorescence properties of the PEI entrapped

nanoparticles. The rather substantial difference between

FIG. 8. Small angle neutron scattering intensity (at 25�C) as a func

tion of the magnitude of the scattering vector for the gold nanoparticle sol

ution II. Fits with models of a polydisperse (Schulz distribution)

homogeneous sphere (black broken line) and with a polydisperse (Schulz

distribution) core shell model (grey continuous line) are included.

FIG. 9. TEM (a) and HRTEM (b) micrographs of the gold nano

particle solution.
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the excitation and emission peak indicates that the particles

behave as indirect band-gap semiconductor materials.

The luminescence of gold nanoparticles smaller than

5 nm is dependent on the surface protecting ligands, too.

Yang et al.[75] found that no luminescence was observed

with Au11Cl3(PPh3)7 gold nanoparticles which consist of

a gold core around 0.8 nm, whereas the gold nanoparticles

after ligand exchange with n-dodecanethiol show an emis-

sion peak at 842 nm.

Taking into account that the ‘‘pure’’ aqueous polymer

solution shows an emisson peak at 625 nm, one can con-

clude that the second peak at 618 nm of the gold nanopar-

ticle solution can be assigned to dissolve polymer chains,

whereas the peak at 560 nm is related to the polymer

entrapped nanoparticles.

4. CONCLUSIONS

First, our results show that maltose-modified poly(ethy-

leneimines) can be successfully used for the synthesis of gold

nanoparticles only by mixing the gold chloride precursor

solution with the polymer solution at room temperature.

By using the PEI sample I of low molar mass a broad

particle size distribution is obtained, where nanoparticles

between 2 and 10 nm are formed.

By increasing the molar mass of the polymer gold nano-

particles with a more narrow particle size distribution can be

produced. From AUC, SAXS, and SANS measurements

one can conclude that the particles have a compact gold core

of about 1 nm. In addition our SAXS and SANS measure-

ments indicate that the gold core is surrounded by a polymer

shell. Taking into account the particle dimensions obtained

by DLS (of about 3.6 nm) and TEM (of about 3.1 nm) one

can conclude that the Au core is surrounded instead of a

pure polymer shell by a Au-polymer hybrid shell as already

indicated by our AUC measurements. These results clearly

show that only a combination of different methods, that

is, DLS, TEM, SAXS, SANS, and AUC opens a way for

a more comprehensive characterization of the structure of

the gold nanoparticles.

Summarising the results obtained here, the mechanism

of the gold reduction process in presence of the hyper-

branched PEI can be described as follows (compare

Scheme 1):

. In the first step, the Au3þ ions are reduced to

elemental Au0 at the secondary amino groups of

the polymer coil, located in the inner coil region

of the hyperbranched sugar-modified PEI mol-

ecule. The Au-crystallization process induces a

collapse of the polymer coil and a compact gold

core of about 1 nm in size is formed.
. The subsequent reduction process in the collapsed

polymer coil leads to the formation of a

gold-polymer hybrid shell. The finally obtained

gold nanoparticles are core-shell nanoparticles

with an inner compact Au-core and a

gold-polymer hybrid shell.
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