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Formation of fluorescent platinum nanoclusters using hyper-

branched polyethylenimine and their conjugation to antibody 

for bio-imaging 

Xin Huang,a Hidekazu Ishitobi,a, b and Yasushi Inouye*a, b, c 

We investigated the formation of yellow fluorescent polyethylenimine-protected platinum nanoclusters (Pt NCs@PEI) 

synthesized by a facile one-pot reduction method. Deep UV (DUV) Raman spectroscopy and attenuated total reflectance 

Fourier transform infrared (ATR-FTIR) spectroscopy were employed to estimate chemical bonding between Pt NCs and 

surrounding PEI ligands. We found that Pt NCs were procuced in the cavities formed by coiled PEI ligands and mostly 

stabilized with the amino groups (-NH2). These Pt NCs@PEI with an average diameter of 1.4 ± 0.4 nm demonstrated 

excellent photo-stability against high salt concentration and long-term light exposure. By conjugating Pt NCs@PEI with the 

chemokine receptor anti-CXCR4 antibody, we successfully applied Pt NCs@PEI-(anti-CXCR4-Ab) conjugates to bio-

imaging of the membrane of live HeLa cells that had their nuclei stained with DAPI. Moreover, Pt NCs@PEI showed lower 

cell cytotoxicity than Qdots@COOH, indicating they have better cell viability and great potential for bio-applications. 

Introduction 

Metal nanoclusters (M NCs) consisting of a few to several tens 

of atoms obtain size-dependent photoluminescence through the 

discretization of their electronic states.1-3 The synthesis, 

characterization and application in fluorescence labelling of 

gold and silver nanoclusters (Au and Ag NCs, respectively) are 

widely studied.4-10 On the other hand, while platinum 

nanoclusters (Pt NCs) are well established for their catalytic 

ability,11-13 relatively little is known about their fluorescence 

capability and bio-imaging application as a fluorescent probe. 

Some studies have reported the preparation of blue 

fluorescent Pt NCs using the surfactant-free method in N, N-

dimethylformamide (DMF) solution14 and yellow fluorescent Pt 

NCs protected with glutathione (GSH) using the ligand etching 

process.15 We previously synthesized blue- and green-emitting 

fluorescent Pt NCs by using hydroxyl-terminated four 

generation poly(amidoamine) dendrimers (PAMAM(G4-OH)) 

as a template,16, 17 finding the absolute quantum yield (QY) of 

the green-emitting Pt NCs to reach 28%. These fluorescent Pt 

NCs were applied to the labelling of chemokine receptors in 

living HeLa cells by binding them to an antibody via a 

conjugate protein. Additionally, multi-coloured fluorescent Pt 

NCs (from blue- to yellow-emitting fluorescence) were also 

prepared by utilizing hyper-branched polyethylenimine (PEI) as 

a stabilizer and employed for the quantitative detection of 

cobalt and copper ions with high sensitivity.18 

In general, the stabilizing ligand or template (such as DNA, 

proteins, polymer, etc.) utilized in the synthesis of M NCs, 

plays a strong role in the effective prevention of NCs’ 

irreversible coagulation and accurate tailoring of their size, 

dispersity, morphology, etc.19 Recently, the interaction between 

M NCs and the surrounding ligand has drawn considerable 

interest in the NCs’ formation process, transformation of the 

ligand, and origin of unique NCs’ properties like fluorescence 

or catalysis.20, 21 Several reports revealed that the embedment 

and formation of Au NCs inside the lysozyme or bovine serum 

(BSA) scaffold involve the changing of internal motion or 

configurational alternation of the ligand.22, 23 Regarding the 

dendrimer template, Pt NCs have been formed by first 

complexing Pt2+ ions with PAMAM(G4-OH) mostly through 

amide(II) functional groups and then reducing the complex into 

Pt colloids.24, 25 Interestingly, cationic polymer PEI, which is 

widely-used as a template to synthesize Au, Ag, and Pt 

nanomaterials,26-29 has a prominent feature in that its chain 

conformation is strongly dependent on the medium pH: fully 

deprotonated (pH > 10), all primary amines protonated (pH � 

7), and most amines protonated (pH < 4).30, 31 Luo et al. 

reported the synthesis of PEI-templated Ag NCs and assumed 

that a dense core caused by tightly coiled polymer chains could 

favour the stability of Ag NCs.32 In contrast to the above 

studies, however, the formation of fluorescent Pt NCs in PEI 

ligands has not been illuminated in detail. 
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In this paper, we investigated the formation process of Pt 

NCs in cationic polymer PEI ligands by employing Deep UV 

(DUV) Raman spectroscopy and attenuated total reflectance 

Fourier transform infrared (ATR-FTIR) spectroscopy to 

evaluate the chemical bonding between as-synthesized Pt NCs 

and surrounding polymer ligands. Then we characterized the 

aqueous yellow fluorescent PEI-protected Pt NCs (Pt 

NCs@PEI) by transmission electron microscopy (TEM), 

dynamic light scattering measurement (DLS), X-ray 

photoelectron spectroscopy (XPS), and spectrofluorometry. 

Furthermore, these Pt NCs@PEI were successfully applied to 

the bio-imaging of live HeLa cells upon effortless conjugation 

with an anti-chemokine receptor antibody, and the cytotoxicity 

of Pt NCs@PEI was also examined. Our investigation 

demonstrates the enormous potential of Pt NCs@PEI in the 

tracking, imaging, and labelling of cancer cells or other kinds of 

cells as an alternative to fluorescently-labelled probes. 

Experimental 

Materials 

Hydrogen hexachloroplatinate (IV) hexahydrate 

(H2PtCl6·6H2O, 99.9%), sodium chloride (NaCl, 99.5%), 

hydrochloric acid (HCl, 0.1 M), rhodamine 6G, fluorescein, and 

4', 6-diamidino-2-phenylindole (DAPI solution, 1 mg/mL in 

buffer) were purchased from Wako Pure Chemical Industries, 

Ltd. (Japan). Sodium borate buffer (SBB, pH = 9.0), COOH-

functionalized CdTe QDots (QDots@COOH, λem = 570 nm), L-

ascorbic acid (L-AA, 99.0%), and glutaraldehyde solution (50 

wt.% in H2O) were obtained from Sigma-Aldrich. 

Hyperbranched PEI (Mw = 10,000 g/mol, 99.0%) was 

purchased from Alfa Aesar (United Kingdom). N-

hydroxysulfosuccinimide (Sulfo-NHS) and 1-(3-

dimethylamino-propyl)-3-ethyl-carbodiimidehydrochloride 

(EDC, 98.0%) were obtained from Thermo Fisher Scientific 

Inc. (USA). APC anti-body-human CD184 (CXCR4) was 

purchased from Biolegend Inc. (USA) and human epithelial 

carcinoma HeLa cells were obtained from DS Pharma 

Biomedical Co., Ltd. (Japan). Phosphate buffered saline (PBS) 

tablets were purchased from Takara Bio Inc. (Japan). All 

experimental instruments used for synthesis were immersed in 

concentrated nitric acid solution and then copiously 

ultrasonically-washed by deionized water prior to use. 

Characterization 

Deep UV (DUV) Raman spectroscopy employed a 266 nm CW 

laser as the excitation light source and a laser intensity at the 

sample of 100 µW/µm2. The exposure time for each spectrum 

was set to 15 or 60 s. A N.A. = 1.35 Ultrafluar objective lens 

(Glycerol immersion, Carl Zeiss) was used, and the transmitted 

light was guided into a spectrometer (SP2500, Acton Research) 

equipped with 1800 G/mm holographic grating. Raman spectra 

were measured using a cryogenically-cooled CCD camera 

(PyLoN, 2KBUV) at room temperature. Attenuated total 

reflectance Fourier transform infrared (ATR-FTIR) 

spectroscopy was acquired using ALPHA FTIR Spectrometer 

(Bruker Corporation, USA) with built-in diamond attenuated 

total reflection (ATR) optics. Interactive baseline correction of 

the ATR spectra was done using OPUS software (Bruker). X-

ray photoelectron spectroscopy (XPS) was done using Kratos 

X-ray Photoelectron Spectrometer Axis Ultra DLD (Shimadzu 

Corporation, Japan). Confocal fluorescence imaging was 

performed with an FV1000 confocal laser scanning microscope 

(Olympus, Japan) using an oil immersion objective lens (40 ×, 

N.A. = 1.30), 473 nm excitation laser and appropriate emission 

filters. 

Synthesis of Pt NCs@PEI 

H2PtCl6 solution (80 µL) and aqueous PEI solution (400 µL, 15 

mM) were added to 3 mL water solution under vigorous stirring 

to give a final H2PtCl6 concentration of 0.67 mM. After the 

complex formed under stirring for over 2 h, the mixture was 

heated to 95 °C and L-AA was added dropwise. The reaction 

was allowed to continue 2 days under vigorous stirring. The 

resultant Pt NCs were centrifuged by ultra-centrifugation 

(Optima MAX-XP Benchtop Ultracentrifuge, Beckman 

Coulter, Inc.; × 100,000 g) for 30 min at 4 °C twice. 

Subsequently, the NCs were dialyzed overnight using a dialyzer 

(cut-off molecule, 8000 g/mol) and centrifuged by a centrifugal 

filter unit (cut-off molecule, 3,000 and 10,000 g/mol) twice in 

order to remove unreacted small molecules. 

Photo-stability measurement 

The photo-stability of irradiated Pt NCs@PEI was measured as 

follows. Pt NCs@PEI, rhodamine 6G, and fluorescein were 

dissolved in sodium borate buffer solution. The samples were 

excited with 500 nm irradiation while the excitation bandwidth 

was set to 20 nm. The photo-stability of Pt NCs@PEI against 

salt was determined as follows. We mixed 300 µL of diluted 

fluorescent Pt NCs@PEI and 200 µL of each NaCl solution (0 

to 1.0 M) to acquire a final concentration of Pt NC@PEI of 

66.7 µM. After 30 min of mixing, the fluorescence properties 

were measured immediately three times using a fluorescence 

spectrophotometer. 

Conjugation of Pt NCs@PEI to antibody. 

A glutaraldehyde method was used to conjugate Pt NCs@PEI 

with antibodies.33, 34 Pt NCs@PEI (3 µL, 66.7 µM in PBS) were 

diluted in 1 mL PBS solution containing glutaraldehyde (5% 

w/v) to a final concentration of 200 nM. The mixture was 

stirred under water bath with shaking at 37 °C. After 2 h, anti-

CXCR4-Ab (20 µL, 1 mg/mL) was added to the mixture, which 

was then reacted for another 2 h. The whole mixture was 

allowed further incubation overnight at 4 °C. Lastly the Pt 

NCs@PEI-(anti-CXCR4-Ab) solution was centrifuged three 

times to remove any unreactive reagents and stored under 4 °C 

without light before use. 

Cell culture and bio-imaging. 

HeLa cells were cultured with Dulbecco’s modified Eagle’s 

medium (DMEM) in a 25 cm2 tissue culture flask at 37 °C 

under a humidified atmosphere with 5% CO2. The culture 

medium was replaced with freshly prepared medium once every 

two or three days. A culture dish containing HeLa cells was 

washed with PBS buffer, and new DMEM (500 µL) was added. 
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Then, Pt NCs@PEI-(anti-CXCR4-Ab) (50 nM, 150 µL) were 

introduced into the dish for 1 h at 37 °C. For nuclei staining, a 

culture dish containing HeLa cells was washed with PBS buffer 

and 2 mL DMEM was added. 150 µL DAPI (10 µg/mL) was 

introduced into the HeLa cells for 30 min at 37 °C, which were 

then washed with PBS followed by the addition of 500 µL 

DMEM and finally incubation with Pt NCs@PEI-(anti-

CXCR4-Ab) (50 nM, 150 µL) for 1 h at 37 °C. Before 

observation, the cells were washed with PBS solution to 

remove any unbound reagents. Confocal fluorescence 

microscopy was employed to observe the HeLa cells. 

Cell viability tests 

Pt NCs@PEI- or Qdots@COOH-incubated HeLa cells (5.0 µL) 

at different concentrations were mixed with Trypan Blue 

(Invitrogen Japan K.K., 5.0 µL). 10 µL of samples were put on 

the chamber slide and then a Countess Automated Cell Counter 

(Invitrogen Japan K.K.) was employed to evaluate the cell 

viability. Each sample was measured three times in order to 

reduce the error. 

Results and discussion 

Chemical bonding between Pt NCs and PEI ligands. 

Yellow fluorescent Pt NCs@PEI were prepared by a facile and 

environmental-friendly one-pot reduction method. Generally, 

polymer stabilizers were introduced to form a monolayer on the 

surface of the NCs to prevent agglomeration. Regardless of 

steric or electrostatic effects between the residual negatively 

charged NCs and the positively charged amines, interactions 

between the NCs and PEI were defined as weak covalent 

bonds.35 In order to investigate the bonding information (i.e. 

binding sites) between Pt NCs and PEI, DUV Raman and ATR-

FTIR spectroscopy were employed. Fig. 1a shows the DUV 

Raman spectra of pure PEI and Pt NCs@PEI. The bands 

appearing at 1450, 1307 and 792 cm-1 in pure PEI were 

assigned to CH2 bending (δ(CH2)), wagging and rocking 

vibration of the methylene group (ω(CH2) and ρ(CH2), 

respectively).36, 37 Other bands at 1600 and 1080 cm-1 were 

attributed to amine bending (δ(NH2)) and amine stretching 

(υ(NC3)). After the reduction, the band at 1600 cm-1 remarkably 

decreased and shifted to 1560 cm-1 compared to pure PEI. We 

attributed this effect to a change in the protonation state of -

NH2 groups upon interaction with Pt NCs. Consistently, a shift 

in the -NH2 bending mode to lower wavenumbers has been 

reported previously for PEI interacting with metal materials.37, 

38 Moreover, the band at 1450 cm-1 also slightly shifted (to 

1430 cm-1), which is another probable signature for bonding 

between PEI and Pt NCs. 

As for the ATR-FTIR spectra (Fig. 1b), characteristic peaks 

of PEI were observed at 3349 and 3282 cm−1 (-NH, stretching), 

2941 and 2821 cm−1 (-CH, asymmetric and symmetric 

stretching), 1632 and 1565 cm−1 (-NH, bending), 1465 cm−1 (-

CH, bending), 1122 and 1040 cm−1 (-CN, stretching), which are 

all coincident with previous works.39-42 Most characteristic 

peaks did not show obvious change after PEI stabilized with Pt 

NCs except for the wavenumber at 1632 cm-1. The distinct 

change of this peak was possibly assigned to the approach of 

the primary amine to Pt NCs (Pt-ligand couple vibration 

mode).24 A slight difference at 1346 cm-1 (-CH2 wagging) was 

also an indication of bonding between the ligand and Pt NCs. 

Based on these spectroscopic results, we assumed that most Pt 

NCs were stabilized by the amino groups (-NH2) of PEI rather 

than secondary or tertiary amines. 

 

Fig. 1 (a) DUV Raman spectra and (b) ATR-FTIR spectra of 

pure PEI and as-synthesized Pt NCs@PEI. 

Formation of Pt NCs in PEI ligand. 

Investigation for the formation process of Pt NCs in the PEI 

template can facilitate understanding of the relationship 

between NCs and ligands. On basis of our spectroscopic results 

and previous studies,32, 43 we described the formation of Pt NCs 

in the PEI ligand as two steps: First, the amino groups of PEI 

chelate with the Pt ions to form a complex (Scheme 1). This 

chelation corresponds to the interaction between Pt(IV) ions 

and PEI amines. The formation of the complex can be 

confirmed by a decrease in the absorbance of [PtCl6]
2- at 260 

nm.18 Second, L-AA reduces the Pt ions to Pt atoms for quick 

aggregation into Pt NCs inside a ‘cavity’ provided by tightly 

coiled PEI ligands. Instead of protonation, the high density of 

the amino groups can effectively chelate with Pt atoms when 

Page 3 of 9 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

the pH is basic, as this condition causes little or no electrostatic 

repulsion between PEI branches.43 In this situation, the cavity 

could favour the protection of Pt NCs, and the size of the NCs 

is determined by the dimension of cavity. In addition, primary 

amine structures mostly appear around the cavities, offering 

stability to the Pt NCs, which is in agreement with DUV Raman 

and ATR-FTIR spectroscopic results. 

Previously, significant pH-dependent variation in the 

fluorescent emission wavelength was observed during the 

synthetic process of Pt NCs.18 Different from before, we fixed 

the molar ratio between Pt ions and reducing agent at 1:25 this 

time to synthesize the Pt NCs under various pH conditions 

(acidic, neutral, and basic). This pH-dependent emission 

wavelength is generated by the chain conformation of cationic 

polymer PEI. For the yellow fluorescent Pt NCs@PEI, the pH 

of the solution is basic. PEI could turn into fully deprotonated 

and have the ability to coil around the surface of Pt NCs to 

form the cavities (Scheme 1). As for the neutral condition (all 

primary amines protonated), the hydrodynamic size of Pt NCs 

is around 2.6 nm which is a little larger than ones produced 

under basic condition (close to 2 nm), resulting in the slight 

shift to 575 nm emission wavelength (Fig. S1 and S2). At 

acidic pH (most amines protonated), both PEI and PEI-capped 

NCs possess considerable positive charges, leading to an 

expansion of PEI chains because of the repulsion between the 

charged amines. The dimension of cavity in the acidic situation 

is much bigger than that in the basic situation, caused the larger 

Pt nanoparticles (NPs) and no emitted fluorescence. Judging 

from the size-dependent fluorescence properties of Pt NCs, the 

emission wavelength will shift to longer wavelengths under 

acidic conditions and shorter ones under basic conditions. 

Therefore, the size and fluorescent properties of Pt NCs@PEI is 

intensely related to the cavities formed by the coiled PEI 

ligands.

 

Scheme 1. Schematic formation of PEI chelation with Pt ions and reduced Pt NCs in PEI cavities at different pH mediums. 

Physical characterization of Pt NCs@PEI. 

 

Fig. 2 (a) TEM micrograph of Pt NCs@PEI and (b) histograms 
of their size-distribution. Scale bar, 10 nm. 

A typical TEM image of Pt NCs@PEI is shown in Fig. 2 and 

the average size of Pt NCs@PEI was 1.4 ± 0.4 nm. On the other 

hand, DLS results suggested the diameter to be closer to 2 nm 

(Fig. S1). This larger value is because DLS measurement 

provides the hydrodynamic size of Pt NCs@PEI.5 

The oxidation state of Pt NCs@PEI was examined by XPS. 

The XPS spectrum of the Pt 4f region showed that 4f7/2 and 

4f5/2 binding energies (B.E.) were 71.8 and 75.3 eV, 

respectively (Fig. 3). Since these values approximate the range 

of the Pt(0) state (71.3 - 72.4 eV), we concluded that Pt 

NCs@PEI were reduced to the zero valence. Comparatively, 

the 4f7/2 and 4f5/2 B.E. of pure bulk Pt were 71.4 and 74.9 eV, 

respectively (Fig. S3). A small positive-shift of B.E. between 

bulk Pt and Pt NCs@PEI indicated a charge transfer from Pt to 

N atoms of the amine ligand and a size effect of small NCs.44, 45 
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Furthermore, the 1s B.E. of N was 399.4 eV, which is a bit 

higher than that of typical N (398.4 eV), suggesting Pt 

NCs@PEI were stabilized by PEI ligands. 

 

Fig. 3 XPS spectra of (a) Pt 4f and (b) N 1s regions of Pt 

NCs@PEI. 

 

Fig. 4 (a) Excitation and emission matrix (EEM) spectrum of 
yellow-emitting Pt NCs@PEI. Insert are photographs of Pt 
NC@PEI in (b) solution state and (c) solid state. 

Fig. 4a illustrates the excitation and emission matrix (EEM) 

spectrum of Pt NCs@PEI in aqueous solution. The maximum 

emission wavelength of Pt NCs@PEI was 560 nm when the 

excitation wavelength was 500 nm. Fig. 4b shows a photograph 

of yellow fluorescent Pt NCs@PEI in aqueous solution. It is 

noteworthy that the Pt NCs@PEI still emitted the yellow 

fluorescence even after drying to solid state (Fig. 4c). The 

relative QY of the Pt NCs@PEI was 6.8% using rhodamine 6G 

as a standard. 

 

Fig. 5 (a) Fluorescence intensity of Pt NCs@PEI, rhodamine 
6G, and fluorescein over time. (b) Histogram of Pt NCs@PEI’ 
fluorescence (λem = 560 nm) in different NaCl solutions. The 
detection emission wavelength was 560 nm under 500 nm 
excitation wavelength. 

The time-dependent variation in fluorescence intensity of Pt 

NCs@PEI was evaluated. Compared with two common organic 

dyes (rhodamine 6G and fluorescein), the fluorescence intensity 

of Pt NCs@PEI declined 20% after light irradiation for 12000 s 

while that of rhodamine 6G decreased 90% at the same 

condition (Fig. 5a). As for fluorescein, the fluorescence 

intensity practically vanished within 1000 s. Consequently, our 

Pt NCs@PEI possess superior photo-stability against photo-

bleaching, which demonstrates significant advantage over 

organic dyes for single molecule detection and imaging. Photo-

stability against chemical conditions is also crucial for bio-

imaging and clinical applications. We examined the photo-

stability of Pt NCs@PEI against salt concentration. Generally, 

citrate-stabilized metal nanoparticles (M NPs) have a poor 
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electrostatic stability resulting in aggregation when salt 

concentration exceeds 0.01 M. In contrast, we found the photo-

stability of Pt NCs@PEI against NaCl concentrations up to 1.0 

M to be relatively stable (Fig. 5b). The better tolerance against 

salt of Pt NCs@PEI than classically citrate-stabilized M NPs is 

because of the polymer ligand PEI, which prevents Pt NCs 

from aggregating in high salt concentration. 

Bio-labelling of HeLa cells using Pt NCs@PEI. 

In order to examine the bio-application of our yellow 

fluorescent Pt NCs@PEI, live cancer HeLa cells were 

employed as targets for bio-imaging. We bound Pt NCs@PEI 

to an anti-chemokine receptor antibody (anti-CXCR4-Ab) by 

using the common glutaraldehyde protocol to efficiently form 

Pt NCs@PEI-(anti-CXCR4-Ab) conjugates (Scheme 2). We 

compared emission spectra of the samples before and after 

conjugation with anti-CXCR4-Ab, finding negligible change in 

the fluorescence intensity and a consistent spectral shape (Fig. 

S4), which confirmed that Pt NCs@PEI-(anti-CXCR4-Ab) 

conjugates maintained fluorescence after conjugation. 

 

 

Scheme 2. Schematic reaction of the preparation of Pt NCs@PEI and bio-conjugation of Pt NCs@PEI to anti-CXCR4-Ab. 

 

 

Fig. 6 Living HeLa cells labelled with Pt NCs@PEI-(anti-CXCR4-Ab) conjugates and imaged by (a) differential interference 

contrast (DIC) imaging and (b) laser confocal fluorescence microscopy. (c) The two images merged; Living HeLa cells not 

labelled with Pt NCs@PEI-(anti-CXCR4-Ab) conjugates and imaged by (d) DIC imaging and (e) laser confocal fluorescence 

microscopy. (f) The two images merged. Scale bars, 20 µm. 
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Pt NCs@PEI-(anti-CXCR4-Ab) conjugates were introduced 

into the cells and incubated for 1 h before confocal fluorescence 

microscopy imaging of the HeLa cells. Yellow fluorescence 

was clearly observed on the membrane of the HeLa cells, where 

chemokine receptors are expressed (Fig. 6). In order to examine 

the origin of the fluorescence, non-labelled HeLa cells were 

used as a control group. As expected, fluorescence from these 

cells was not observed, which indicates that the fluorescence 

was generated from the Pt NCs@PEI and not from auto-

fluorescence of the HeLa cells. 

DAPI was introduced to stain the nuclei of the HeLa cells to 

demonstrate the possibility of double staining with Pt 

NCs@PEI. Confocal fluorescence images show HeLa cell 

nuclei in blue (DAPI stained) and cell membranes as yellow, 

respectively (Fig. 7a, b). Fig. 7c, d shows double-staining 

images and demonstrates that the stained parts for DAPI and Pt 

NCs@PEI-(anti-CXCR4-Ab) conjugates were separated from 

each other due to the role of anti-CXCR4-Ab. These results 

confirm that the fluorescence signal of Pt NCs@PEI is not 

affected by other labels. 

 

Fig. 7 Laser confocal fluorescence microscopic images of (a) 

Hela cells nuclei stained with DAPI and (b) the membrane 

labelled with Pt NCs@PEI-(anti-CXCR4-Ab) conjugates. (c) 

The merged image of (a) and (b). (d) Confocal fluorescence 

microscopy image merged with the differential interference 

contrast (DIC) image of double-stained HeLa cells. Scale bars, 

20 µm. 

The effect of the anti-CXCR4-Ab on the bio-imaging was 

also investigated. Anti-CXCR4-Ab can specifically bind to 

chemokine receptors that highly expressed in tumour cells.46 

The difference between the conjugation with and without this 

kind of antibody was determined by comparing Pt NCs@PEI 

and Pt NCs@PEI-(anti-CXCR4-Ab) conjugates as the targets 

under the same experimental conditions (concentration, 

incubation time, etc.). Regarding to the Pt NCs@PEI group, 

only little Pt NCs@PEI entered into the HeLa cells, as seen by 

the slight yellow fluorescence emitted (Fig. S5). On the other 

hand, more obvious yellow fluorescence was exhibited from 

cells when using Pt NCs@PEI-(anti-CXCR4-Ab) conjugates. 

Based on these results, we concluded that our Pt NCs@PEI 

could easily conjugate to bio-molecules in order to bio-label 

cancer cells and have the ability to achieve multi-color staining 

for cells without any interference from other fluorophores. 

Cytotoxicity of Pt NCs@PEI 

The cytotoxicity of a potential bio-marker must be considered 

for bio-imaging. Even if they have high QYs and tunable 

optical properties, high cytotoxicity may disqualify organic 

dyes or Qdots. The cytotoxicity for Qdots, for example, has 

been attributed to their release of toxic metal ions and the 

generation of reactive oxygen species (ROS).47, 48 We evaluated 

the cytotoxicity of Pt NCs@PEI by comparing them with 

Qdots@COOH and a control group. No significant difference 

between cells treated with Pt NCs@PEI or the control group 

was found at 24 h (Fig. S6). At 48 h, the viability of cells 

treated with Pt NCs@PEI only decreased by ca. 10%, which 

agrees with our previous research.16 This result demonstrates 

that Pt NCs@PEI have little acute toxicity and have potential 

for long-term study. In contrast, while the QDots@COOH 

group did not show remarkable cell damage within 1 h, 

weakening cell viability could be detected at 12 h, and cell 

activity was approximately halved by 24 h. At 48 h, the cell 

viability had dropped to ca. 33%. In addition, the effect of Pt 

NCs@PEI at different concentrations on cell viability was 

examined. Concentrations as high as 100 nM still caused little 

cytotoxicity, even at 48 h (Fig. S7). Thus, Pt NCs@PEI have 

lower cytotoxicity and better bio-compatibility than 

QDots@COOH. 

Conclusions 

The formation of fluorescent Pt NCs@PEI synthesized by a 

facile and environmental-friendly one-step reduction method 

was investigated. The forming of Pt NCs in PEI template was 

elucidated as two processes: 1) the chelation of PEI with Pt ions 

to form a complex and 2) the reduction of Pt ions to Pt atoms 

and the quick aggregation of these atoms to form Pt NCs, which 

were mostly stabilized via the amino groups (-NH2) of PEI 

inside cavities produced by tightly coiled polymer chains. 

These ultra-small Pt NCs@PEI had a diameter of 1.4 nm and 

emitted bright yellow fluorescence at both solution and solid 

state. Furthermore, they demonstrated excellent photo-stability 

up to salt concentrations of 1 M and slower attenuation of 

fluorescence against long irradiation time compared with 

organic dyes. In addition, Pt NCs@PEI were easily conjugated 

with anti-CXCR4 antibody to produce Pt NCs@PEI-(anti-

CXCR4-Ab) conjugates, which were successfully applied to 
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bio-imaging for the membrane of cancer HeLa cells whose 

nuclei were simultaneously stained with DAPI. These Pt 

NCs@PEI exhibited lower cell cytotoxicity and better bio-

compatibility compared with Qdots@COOH, even at longer 

incubation times. The advantages of Pt NCs@PEI, such as 

water solubility, ultrafine size, and especially low cytotoxicity 

over common fluorophores (organic dyes and Qdots), suggest 

their potential as a safe and non-toxic fluorescent contrast 

agent. 
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