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Gold nanoparticles (GNPs) protected by poly(2-ethyl-2-oxazoline) (POZ) of different
molecular weights (M =5, 50, 200 and 500 kDa) were synthesised and characterised by dynamic
light scattering, nanoparticle tracking analysis, zeta potential measurement and transmission
electron microscopy. It was established that the use of POZ with 50 kDa resulted in formation of
GNPs with low polydispersity while POZ with greater molecular weights led to formation of more
polydisperse GNPs. Fluorescent labelling of these nanoparticles was achieved through their
reaction with polyethyleneglycol dithiol (8-12 kDa) as a linker molecule with subsequent reaction
with 6-(iodoacetamido) fluorescein. The fluorescent nature of obtained GNPs was confirmed
by the appearance of the fluorescence peak at 510 nm that is typical for fluorescein molecules
and glowing of the aqueous solution under the UV irradiaton. The fluorescently-labelled GNPs
are promising tool in biomedical application to monitor the biological systems using fluorescent
microscopy.
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Byn XymbicTa ap TypAai mosiekynanbik maccagasbl (5, 50, 200 and 500k/[a) noau(2-
3TWUN-2-OKCa30/IMHMEH) TYPaKTaHAbIPbIIFAH anTblH HaHobenwekTepi cuHTesgendi. byn
HaHobenwWweKkTep GU3NKANBIK-XMMUANBIK TanaayabliH bipHele aaicTepimeH cunaTTanabl, COHbIH,
iWiHAe AMHAMUKANbIK KapblK Wallblpay 94icCi, TPEKMHITIK Tangay, A3eTa-NoTeHUManabl enwey
)KOHe 3NeKTPOHAbl MUKPOCKONWA KONAaHbinabl. Monekynanblk canmafbl 50k[a 6onatbiH
NonAun(2-sTun-2-oKcasoNMHAbI) KONAaHYy NOAMAMCNEPCTiri TOMEH anTblH HaHOOeNWeKTepiHiH
Ty3inyiHe 9KeneTiHi aHbIKTanAbl, an MONEKYNaNblK Maccacbl KOfapbl NOAUMEPAi KONAaHy
NoNMANCNEPCTIKTIH  AOfapblnaybiHa akeneai. ®nyopecueHTTi-benrineHreH 6HenwekTtepai
onapablH, 6aiNaHbICTbIPYLWbI PeTiHAE KONAAHbINFAH NONUITUNEHTANKOND AUTUONbIMEH (8-12
K[a) peakumacbiHaH KeliH 6-(MogoaueTamuao)dayopecuenHMeH SpeKeTTECTIpY apKbiibl any
aaicTemeci )acangbl. byn HaHobenwekTepaiH dayopecueHTTi TabuFaTbl Cyabl AUCNEPCUACHIHA
TOH YNbTPAKYAriH cayneperi »KapKbiNbiIMeH, cCOHAal-aK (GAyOpecueHTTi CMeKTPOCKonuAMeH
pactangbl. Byn HaHobenwekTep 6UoMeaMLMHANBIK 3epTTeynep YWiH Naganbl XKaHe oNapablH,
6uonornaAnbik Kyhenepaeri KafganbiH GayopecueHTTi MUKPOCKOMWUA apKblibl 3epTTeyre
6onagpbl.

TyiiiH ce3gep: Nonn(2-3TnN-2-0Kca3oNunH); anTblH HaHOGeWeKTepi; dayopecLeHTTi benri;
NOAIMITUNEHIINKOb; KONNIOUATbI TYPAKTbUIbIK; GayopecuenH.
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B paboTe CMHTE3MpOBaHbl HaHoYacTUubl 30s0Ta (HY3), npoekTMpoBaHHble noau(2-
3Tun-2-okcasonunHom) (MO3) c pasandHbIMKM MoOneKkynapHbiMu maccamu (M =5, 50, 200 u
500 k[a), U oxapakTepusoBaHbl MeTO4aMW AMHAMMUYECKOTO CBETOPACCEAHWUA, TPEKUHIOBOro
aHanM3a HaHOYacCTWL, MW3MepeHuAa A3eTa-noTeHuMana M npoCcBeYMBalOWEeN 3NEeKTPOHHOW
MUKPOCKONUWU. YCTaHOB/NEHO, YTO ucnonb3oBaHWe O3 ¢ HU3KOW MONEKYNAPHOW MaccoW
50k0a npuBoguT K o6pasoBaHUto HY3 HM3KOM NOAMAMCNEPCHOCTM, B TO BPEMS KakK
MCNoab30BaHWe nonumepa c 6onblieit MONEKYNAPHON Maccoil NPUBOAUT K nosyyeHuto bonee
nonauaucnepcHolx HY3. PaspabotaHa meToauKka nonyyeHua oayopecueHTHo-meueHbix HY3
NOCPEeACTBOM MX Peakumm C NOAUITUAEHIANKOAb AuTronom (8-12 k[a) B KayecTBe AMHKepa
npu nocneayioLem B3auMoaencTBum ¢ 6-(Mogoauetammuao)payopecuenHom. dayopecueHTHan
npvpoAa NOoNyYeHHbIX HAHOYACTUL, NOATBEPXKAEHA NoaBaeHUeM $GyopecLEeHTHOro NuKa npu
510 HM, KOTOpbI XapakTepeH monekynam ¢ayopecuenHa u cBeYeHWEM BOAHOMO PacTBopa B
ynbTpadpuonetosom ceete. PnyopecueHTHO-MmeuveHble HY3 aBnatoTca obewatowmm obbekTom
AnAa BUOMEAULMUHCKOTO NPUMEHEHUA NPU MOHUTOPUHTE BUONOTUYECKUX CUCTEM C MOMOLLbIO
dnyopecueHTHOW MUKPOCKONUN.

KnioueBble cn0Ba: Noau(2-3TUN-2-0KCA30/IMH); HAaHOYACTMUbl 30/10Ta; dayopecueHTHas
MEeTKa; NONIMITUNEHTIUKOb; KONNIOMAHAA CTabUNbHOCTb; GyopecLemH.
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1. Introduction

One of the first studies of colloidal gold was reported by
Michael Faraday who was fascinated by unique properties of
this material [1]. In 1951 Turkevich et al [2] reported an easy and
highly-reproducible synthetic method of GNPs, which involves
reaction of hydrogen tetrachloroaurate (HAuCl,) with citric acid
(CA) in boiling water where CA acts as both reducing and
stabilizing agent. Later, it was demonstrated by Frens that the
size of nanoparticles can easily be controlled by varying gold-to-
citrate ratios [3]. The GNPs have received a great deal of interest
due to their unique physicochemical properties. In particular
they are very useful for various biomedical applications,
including therapeutic and diagnostic areas [4-6]. Moreover, the
GNPs are widely applied in catalysis [7-8].

The use of water-soluble polymers in the synthesis of
GNPs dates back to 1718, when starch was used to stabilize the
colloidal gold in aqueous dispersions [9]. Since then different
synthetic and natural water-soluble polymers such as poly(N-
vinyl pyrrolidone) [10-12], poly(ethylene glycol) [13-14], gellan
gum [15-16], k-carrageenan and pectin [12] were used to
prepare gold nanoparticles for various applications.

Poly(2-oxazolines) are an emerging class of polymers that
recently attracted a lot of attention for biomedical applications
[17]. Nanoparticles decorated with poly(2-methyl-2-oxazoline)
and poly(2-ethyl-2-oxazoline) were previously shown to exhibit
‘stealth’ properties and facilitate penetration through biological
tissues [18-19]. Previously, de la Rosa et al reported the
functionalisation of GNPs with xanthate-functional poly(2-
alkyl-2-oxazoline) [20].

Inthe present work we have synthesised and characterised
GNPs stabilised with commercially available poly(2-ethyl-2-

oxazoline) (POZ) using different concentrations and molecular
weights of the polymer. We also have developed the
methodology for preparation of fluorescently-labelled POZ-
protected GNPs using poly(ethylene glycol) dithiol as a linker
and 6-(iodoacetamido)fluorescein as fluorescent label.

2. Experiment

2.1. Materials

Poly(2-ethyl-2-oxazoline) (POZ) with M =5, 50, 200 and
500 kDa, poly(ethylene glycol dithiol) (PEG-dithiol) with M _=8-
12 kDa, 6-(iodoacetamido)flouorescein and tetrachloroauric
acid (HAuCl,) were purchased from Sigma-Aldrich (UK) and used
without further purification.

2.2. Synthesis of gold nanoparticles

Synthesis of GNPs was carried out by mixing 0.3 mL (10
mmol) HAuCl, and 10mL0.1,0.5,1, 2, or 4 w/v % poly(2-ethyl-2
oxazoline) (POZ) at room temperature. After dropwise addition
of aqueous solution of NaOH (0.5 M) the reaction mixture was
stirred for several minutes until the colour of the solution
changed which confirmed the formation of GNPs. When 0.1%
POZ solution was used the formed GNPs underwent quick
aggregation and precipitation pointing at too low concentration
of the POZ for stabilisation of the GNPs. The synthesized GNPs
were purified by dialysis against 4 L deionised water for 48
hours using cellulose membranes (molecular weight cut off 12-
14 kDa, Medicell International Ltd, UK).

2.3.  Preparation of fluorescently-labelled gold
nanoparticles

2 mL of GNPs solution and 1 mL of poly(ethylene glycol
dithiol) (0.7 w/v %) were mixed and stirred at room temperature
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overnight. The reaction mixture was then dialyzed against
deionised water using cellulose membrane for a week. 0.5 % 1
mL of 6-(iodoacetamido) fluorescein was added to this solution
and was stirred overnight. Then the reaction mixture was
dialyzed using a float-a-lyzer membrane (with 3.5-5 kDa
molecular weight cut off) for a week to get rid of unreacted dye.

2.4. Dynamic light scattering (DLS) and zeta potential
measurements

Particle size distributions and zeta-potential of GNPs in
aqueous dispersions were measured using Zetasizer NanoZS
(Malvern Instruments Ltd., UK). The results are presented as
the mean + standard deviation for three repeated
measurements. All experiments were performed at 25 °C. DTS-
1070 cuvettes were used for zeta potential measurements.

2.5. Nanoparticle tracking analysis (NTA)

The size of GNPs was additionally characterised using
nanoparticle tracking analysis using LM10 system with
temperature-controlled module, green 532 nm laser, and
syringe pump (Malvern, UK).

2.6. UV-vis spectroscopy

Absorption spectra of GNPs were recorded at room
temperature using UV-Vis spectroscopy (Specord 210 plus BU,
Germany).

2.7. Transmission electron microscopy (TEM)

TEM images of GNPs were recorded using a Philips CH 200
microscope operated at an accelerating voltage of 160 kV.
Samples were prepared by dropping a dispersion of the particles
on Formvar coated copper grids.

2.8. Fluorescence spectra

Fluorescence spectra were recorded for fluorescently-
labelled POZ-protected nanoparticles using a FP-6200
Spectrofluorometer (Jasco, UK) over the wavelength range 505-
700 nm (A_ =308 nm).

HAUCl,
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}

3. Results and Discussion

Formation of GNPs is usually accompanied by changes in
colour of solutions, the intensity of which depends on the
concentration and size of nanoparticles. In our case the color of
POZ solutions containing GNPs changes is shown in Figure 1.
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Figure 1 — Photographs of aqueous solutions containing GNPs,
which were synthesised using (a) 1 w/v % POZ of different M =
5 (1); 50 (2); 200 (3); 500 kDa (4); (b) POZ (M,, =200 kDa) of
different concentrations 0.5 w/v % (1); 1 w/v % (2); 2 w/v % (3);
4 w/v%(4)

The reduction of Au®* to Au® probably proceeds through
theionization of tertiary amine groups of POZ by HAuCl, followed
by formation of AuCl,(OH)" that is reduced into atomic gold [21]
and stabilized via chemisorbed lactame ring, as schematically
illustrated in Figure 2. In our mind the negative charge of the
system is accounted for chemisorbed chloride and/or hydroxide
ions on the surface of GNPs. The exact mechanism of this
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Figure 2 — Proposed stabilization mechanism of GNPs by POZ
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reaction and which species act as a reducing agent for Au®* is
currently unclear. This will require further studies.

All nanoparticles were characterized using dynamic light
scattering, nanoparticle tracking analysis (NTA), zeta-potential
measurements and transmission electron microscopy. Figure 3
shows typical size distributions of GNPs measured by dynamic
light scattering in aqueous solutions. In most cases the size
distributions are monomodal, which indicates good colloidal
stabilisation of the nanoparticles. According to recent results
[12] the average hydrodynamic diameters of GNPs stabilized
with a series of synthetic and natural polymers varied from 5 to
30 nm, while the zeta-potentials were negative and range
between -28 and -42 mV. The colloidal stability of GNPs
protected by these polymers is very good over an extended
period of 36 days. A long-time stability of GNPs for our system
was also observed but was not studied in detail in this work. A
polymodal size distribution, on the contrary, indicates poor
colloidal stability, polydisperse nature and possible aggregation
of nanoparticles to form larger species. For example, polymodal
size distribution was observed for the GNPs synthesised in the
presence of 0.5 w/v % POZ with M, =50 kDa.

Selected nanoparticles were additionally characterised
using transmission electron microscopy (TEM). Figure 4 shows
the TEM images of some GNPs. It is clearly seen that all of them
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Figure 3 — Size-distribution of POZ-protected GNPs prepared
using 50 kDa POZ of different concentrations: 0.5 w/v %
(1-blue); 1 w/v % (2- green); 2 w/v % (3- bright blue), 4 w/v %
(4-red)

are spherically shaped polydisperse nanoparticles. The average
sizes of GNPs evaluated using TEM image analysis, NTA, DLS
together with polydispersity index (PDI) and zeta-potential data
are summarized in Table 1.

Figure 4 - TEM images of GNPs prepared using POZ 5 kDa (a, b, d), 50 kDa (c, e, f) at the polymer concentration of 0.5 (a)
and2w/v% (b, c,d,e,f)
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Table 1 — The average sizes of GNPs determined by NTA, DLS, TEM together with their PDI and zeta-potential

Sample Average size of GNPs, nm PDI Z-potential, mV
NTA DLS TEM

AuNPs /0.5% -POZ 5 kDa 205 19+1 13.9+1.2 0.259 -5.37
AuNPs /1% - POZ 5 kDa 26%14 22+1 * 0.342 -14.10
AuNPs /2% - POZ 5 kDa 5215 85+20 13.3+1.2 0.168 -10.30
AuNPs /0.5 % - POZ 50 kDa 40+4 82+4 11.5%1.2 0.191 -5.63
AuNPs /1% - POZ 50 kDa 25+7 57+20 * 0.198 -10.20
AuNPs /2% - POZ 50 kDa 909 6146 12.5%1.0 0.138 -10.90
AuNPs /4% - POZ 50 kDa 13348 2945 * 0.168 -8.92
AuNPs /0.5% - POZ 200 kDa 55+1 44+13 * 0.197 -12.10
AuNPs /1% - POZ 200 kDa 8415 2941 * 0.480 -5.34
AuNPs /2% - POZ 200 kDa 6746 3242 * 0.341 -10.50
AuNPs /4% - POZ 200 kDa 67+15 3716 * 0.485 -7.99
AuNPs /0.5% - POZ 500 kDa 6145 4318 * 0.468 -10.9
AuNPs /1% - POZ 500 kDa 7515 52+12 * 0.602 -9.96
AuNPs /2% - POZ 500 kDa 716 30+1 * 0.429 -7.03
AuNPs /4% - POZ 500 kDa 6718 36+12 * 0.530 -2.65

*Samples were not characterised

It is clearly seen that POZ with 50 kDa results in formation
of GNPs with lower PDI = 0.138 — 0.198, whereas the POZ with
greater molecular weights produces nanoparticles with higher
PDI = 0.341-0.602. The latter can be explained by the greater
size of macromolecular coils of POZ that are associated with
bigger aggregates of GNPs. The discrepancy between the
particle sizes of GNPs determined by DLS, NTA and TEM is
observed. The particle size registered by TEM represents the
core of GNPs without a hydrated polymer-based shell. While
both DLS and NTA results show greater size of GNPs due to the
presence of a polymer shell. However, there is also some
discrepancy between DLS and NTA data. This is probably related
to application of different techniques used for calculation of
particle size. NTA tracks the motions of each individual particle
and then calculates the particle size, whereas DLS is based on
light scattering of all particles in the suspension. In this case DLS
is more biased to larger particles and NTA can provide
information on more polydisperse samples. These discrepancies
between DLS, NTA and TEM data are well documented in the
literature for similar systems composed of dense solid core and
hydrated polymer shells [22].

Overall, the GNPs prepared using 5 kDa and 50 kDa POZ
have a core-shell structure with 10-15 nm gold core and
polymer-based shell, whose thickness ranges within 3-40 nm
depending on molecular weight and concentration of POZ. The
greater values of the GNPs shell thickness are observed for POZ
with higher molecular weights due to bigger size of
macromolecules stabilising these particles.

Zeta potential measurements indicate that all GNPs have
negative charge due to chemisorption of chloride ions onto
GNPs. The low values of zeta potentials are probably accounted

for non-ionic nature of POZ, which shields the negatively
charged surface of GNPs. The main advantage of our approach
over developed in [12, 23] methods is formulation of POZ-
stabilized GNPs in the absence of any other reducing agents and
the possibility achieve the Au®* reduction process at room
temperature.

Previously, we reported the behaviour of thiolated silica
nanoparticles functionalised with poly(ethylene glycol) or with
poly(2-oxazolines) and their penetration through various
biological tissues such as the cornea [24], stomach mucosa [18-
19] and hair follicles [25]. The GNPs decorated with hydrophilic
polymer shells are also of great interest for tissue penetration
studies. However, conventional polymer-protected GNPs are
not fluorescent, which limits their detection by fluorescent
microscopy.

In the present work we developed a facile synthesis of
polymer-protected and fluorescently labelled GNPs using PEG-
dithiol as a linker. Thiol containing molecules have excellent
affinity to gold [26] and give an opportunity to link PEG-dithiol
macromolecules to gold surface leaving the other thiol end
intact. The possibility of some PEG-dithiol macromolecules
binding to GNPs surface with both thiol groups cannot be fully
ruled out. However, this binding will be sterically less favourable.

The free thiol groups present on the surface of GNPs after
thismodification were used to conjugate with 6-(iodoacetamido)
flouorescein (6-1AFC), which resulted in formation of
fluorescently labelled GNPs (Figure 5).

The fluorescence ability of the fluorescently-labelled GNPs
was tested under UV light (Figure 6). The fluorescently-labelled
GNPs solution displays characteristic green glowing under UV
light, which is not observed for the unlabeled GNPs.
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Figure 5 — Scheme of synthesis of fluorescently-labelled POZ protected GNPs

Figure 6 — Aqueous solutions of POZ-protected GNPs without (a) and with (b) fluorescent labelling under the UV irradiation
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Figure 7 — Fluorescence spectra of POZ-protected GNPs without
fluorescent labelling (1) and with fluorescent labelling (2)

The fluorescence spectra of fluorescently-labelled GNPs
solutions clearly show the emission maximum at 510 nm, which
is typical for fluorescein (Figure 7). The unlabeled GNPs do not
display this characteristic fluorescence.
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4. Conclusions

GNPs were synthesised in the presence of POZ with
different molecular weights and concentrations. It was
established that both molecular weights and concentrations of
POZ affect the size and polydispersity of GNPs. Most of GNPs
are spherically-shaped and have a core-shell structure. The size
of gold core was around 10-15 nm and the thickness of the
hydrated polymer shell was in the range of 3-40 nm. The
synthetic protocol for the preparation of fluorescently-labelled
GNPs using PEG-dithiol as a linker and 6-(iodoacetamido)
flouorescein as fluorescent label was developed. It is expected
that POZ-protected and fluorescently-labelled GNPs can be of
great interest for biomedical applications, in particular as
therapeutic and imaging agents in cancer therapy.
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