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Abstract: As an important organelle in eukaryotic cells, Golgi apparatus is responsible for processing and 

transporting proteins and lipids in cells. Precise monitoring the status of Golgi apparatus by targeting 

fluorescence imaging technology is of enormous importance but remains an attractive yet dramatically 

challenging task. In this study, we report the construction of the first Golgi apparatus targeted sensor with 

bright near-infrared fluorescence, termed as Golgi-Pdots. As a start point of our investigation, hydrophobic 

CDs with bright NIR fluorescence at 674 nm (fluorescence quantum yield : 12.18%), narrow emission band of 

23 nm, and excellent stability were facilely prepared from Magnolia Denudata flowers through an ultrasonic 

method. Incorporating the CDs into a polymer matrix modified with Golgi-targeting molecules can produce 

the water-soluble Golgi-Pdots, which showed high colloidal stability and similar optical properties as 

compared to CDs. Further studies revealed that the Golgi-Pdots showed good biocompatibility and Golgi-

targeting ability. Based on these fascinating properties, Golgi-Pdots have been successfully used for long term 

bioimaging of Golgi apparatus inside live cells.  

Keywords: Golgi apparatus; carbon nanodots; polymer dots; Near infrared fluorescence; High 

photostability 

 

1. Introduction 

As one of the vital organelles in eukaryotic cells, Golgi apparatus primarily participates in 

receiving, processing, and modifying diverse proteins and lipids synthesized by endoplasmic 

reticulum, and then precisely packaging and delivering them to specific regions in the cell or 

secreting them outside the cell [1–3]. Since implicated in such important intracellular activities, subtle 

pH, viscosity, or morphological changes of Golgi apparatus would interrupt the biosystem and affect 

cell survival, contributing to various of diseases, such as hypertension, acute liver injury, vascular 

disease, and cancer [4–7]. As such, it is of great significance to develop specialized probes to Golgi 

apparatus for real-time visualization of the intracellular dynamic process and figuring out the 

pathogenesis of Golgi-associated disease.  

By virtue of its various intrinsic characteristics such as superb sensitivity, high temporal 

resolution, real-time and in-situ responsiveness, and noninvasiveness, fluorescence imaging 

technique has turned out to be a powerful tool for in-situ dynamic visualization and monitoring of 

subcellular organelles [8–13]. Although some types of Golgi apparatus-targeting molecular probes, 

such as Golgi Tracker Red or Green derived from boron-dipyrromethene, have been commercialized, 

the present situation is still far from ideal, as they often hinder from poor photostability at working 

concentration [14]. Recently, Tsukiji and coworkers reported a series of Golgi-localizing fluorescent 

molecular probes by modularly linking tri-N-methylated myristoyl-Gly-Cys lipopeptide to 
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fluorophores of interest [15]. Choi et al. synthesized blue and yellow emissive two-photon probes 

derived from 6-(benzo[d]oxazol-2-yl)-2-naphthalylamine and 2,5-bis(benzo[d]oxazol-2-yl)pyrazine 

derivatives as the fluorophores and trans-Golgi network peptide (SDYQRL) as the Golgi apparatus 

targeting ligand for Golgi apparatus detection [16]. These works are helpful for understanding of 

Golgi function and changes. Unfortunately, these probes are derived from organic fluorophores, 

which severely restricted their further applications. 

Carbon nanodots (CDs) with the merits of tunable optical properties, excellent stability, and 

favorable biocompatibility have achieved enormous advances in the imaging of organelles [17–19]. 

For example, Paul et al. synthesized yellow-emitting CDs with lipophilic character for selective 

imaging of lipid droplets [17]. Tang’s group produced CDs with green fluorescence from rose bengal 

and branched polyethylenimine for lysosome imaging [18]. Han and coworkers prepared 

amphiphilic CDs with red fluorescence for super-resolution imaging of endoplasmic reticulum [20]. 

However, to the best of our knowledge, no Golgi-targeted CDs with near infrared (NIR) fluorescence 

has been reported up to now.  

In this work, Golgi apparatus targeted NIR fluorescent polymer dots (Golgi-Pdots), incorporated 

with NIR hydrophobic CDs, were constructed for specific and long-term bioimaging of Golgi 

apparatus (Scheme 1). As a start point of our investigation, hydrophobic CDs with bright NIR 

fluorescence at 674 nm (fluorescence quantum yield : 12.18%), narrow emission band of 23 nm, and 

excellent stability were facilely prepared from Magnolia Denudata flowers through an ultrasonic-

assisted method. Incorporating the CDs into a polymer matrix modified with Golgi-targeting 

molecules can produce the water-soluble Golgi-Pdots, which showed high colloidal stability and 

similar optical properties as compared to CDs. Further studies revealed that the Golgi-Pdots showed 

superior photostability, excellent biocompatibility and Golgi-targeting ability. Based on these 

fascinating properties, Golgi-Pdots have been successfully used for long term bioimaging of Golgi 

apparatus inside live cells.  

 

Scheme 1. Schematic illustration of the preparation of NIR emissive Golgi-Pdots and its application 

in Golgi apparatus targeted imaging. 
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2. Experimental section 

2.1. Materials 

Magnolia Denudata flowers were purchased from local market. Before using, the flowers were 

rinsed carefully with distilled water and dehydrated in a vacuum oven. 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-(polyethylene glycol)-2000 (DSPE-PEG) modified with phenylsulfonamide 

was received from Hangzhou Xinqiao Biotechnology Co., Ltd. Golgi-Tracker Green was bought from 

Beyotime Biotech. High glucose Dulbecco’s modified Eagle’s media (DMEM) and human cervical 

carcinoma cells (HeLa cells) were purchased from KeyGEN Biotech. Co. Ltd. 3-(4,5-Dimethylthia-zol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) were received from Sigma-Aldrich. All the chemicals 

and solvents were of analytical grade and applied directly. 

2.2. Preparation of NIR fluorescent CDs 

CDs with red fluorescence were prepared via a facile, simple ultrasonic method [21]. In a typical 

synthesis, 20 g dried flower of Magnolia Denudata and 800 mL of dichloromethane (DCM) were 

introduced into a 1000 mL beaker, and ultrasonic treatment was conducted at 600 W output with a 

sonicator (Scientz-IID, Ningbo Scientz Biotechnology Co., Ltd., China) for 3 h, using a pulse mode 

(10 s ON / 10 s OFF). Then, the resulting solution of a clear yellow color was filtered via a syringe-

driven filter (0.22 μm) and centrifuged for 10 min at 12000 g to discard large particles. Then, the 

supernatant was collected and concentrated, and the obtained crude product was further purified by 

silica gel with column (petroleum ether/ethyl acetate = 10:1, v/v) to afford the oily CDs (0.18 g). 

2.3. Fabrication of NIR emissive CDs-encapsulated Golgi-Pdots 

NIR emissive CDs-encapsulated Golgi-Pdots were prepared by a nanoprecipitation method, 

according to the reported literature [22]. Briefly, 0.5 mg of CDs and 2 mg of DSPE-PEG-Golgi were 

dissolved in 6 mL of DCM and stirred for 1 h at room temperature. Then, the solvent was evaporated 

under nitrogen atmosphere and the product was dried in a vacuum oven. Following, 6 mL of 1× 

phosphate buffered saline (PBS) was quickly injected and stirred for another 1 h. The generated 

aqueous solution was filtrated with a 0.22 μm polyethersulfone filter and washed three times with 50 

K centrifugal filter units under centrifugation at 5000 g for 10 min. Thus obtained solution of Golgi-

Pdots was concentrated to 1 mL by ultrafiltration and stored at 4 °C for future use.  

2.4. Fluorescent imaging 

Before performing bioimaging experiments, cells were passaged, replanted into confocal dishes 

with 4 wells and allowed to adhere for about 12 h. Then, the growth media in the dishes were 

substituted with new one that contains Golgi-Pdots (10 μg·mL-1) and incubated for 1 h. Subsequently, 

the attached cells were rinsed thrice with pure DMEM. Confocal fluorescence imaging of Golgi-Pdots 

labelled cells was collected in the wavelength range of 630 to 710 nm (Excitation wavelength: 405 

nm). 

The subcellular location of Golgi-Pdots was assessed by co-localization bioimaging experiments, 

in which cells were sequentially labelled with Golgi-Pdots (10 μg·mL-1) for 1 h and Golgi-Tracker 

Green (500 nM) for 0.5 h [23]. Afterwards, the labelled cells were rinsed for three times with pure 

DMEM before being subjected to confocal imaging. The emission siganl of Golgi-Pdots was collected 

in the range of 630-710 nm (excitation wavelength: 405 nm), while for Golgi-Tracker Green, 

fluorescence signal was acquired between 500 to 580 nm (excitation wavelength: 488 nm). 
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3. Results and discussions 

3.1. Preparation and characterization of NIR emissive CDs 

As illustrated in Figure 1A, NIR emissive CDs can be simply prepared at room temperature from 

Magnolia Denudata flowers through an ultrasonic method. It is worthy to note that the ultrasonic 

technique has recently become an increasingly popular method for nanomaterials synthesis because 

of its appealing merits, such as rapid reaction rate, ease to operate, and controllable reaction 

conditions [24–29]. Ultrasonic waves generate acoustic cavitation within an aqueous solution, and 

this is the main reason for creation, growth, and collapsing of micro bubbles [30]. During the above 

process, instantaneous high temperature (> 5000 K) and pressure environment (> 20 MPa) are created, 

which is beneficial for the fabrication of nanodots [31]. The as-generated CDs were purified via silica 

gel column chromatography to wipe off impurities.  

 

Figure 1. (A) Schematic illustration of the fabrication of NIR emissive CDs. (B) STEM image of the 

CDs. (C) Size distribution of the CDs. (D) AFM image of the CDs. Inset: the corresponding height 

profile analysis along the green line. (E) FTIR spectrum of the CDs. (F) High resolution XPS spectrum 

of C1s. (G) High resolution XPS spectrum of O1s. 

The morphology and size of the CDs were investigated by STEM and AFM. From the STEM 

image depicted in Figure 1B, we can see that the CDs with a dot-shape are randomly and uniformly 

distributed, along with a sharp particle size distribution in the range from 1.9 to 2.7 nm and a mean 

value of 2.3 nm (Figure 1C), as calculated from about 150 individual nanodots. This size is comparable 

to other biomass-derived NIR emissive CDs [32,33], and no larger nanoparticles were noticeable, 

revealing that the developed methodology had good control on size. The AFM image in Figure 1D 

shows that the CDs were monodispersed with a height of 2.3 nm (inset of Figure 1D), which is in 

good line with STEM data. 

To analyze the functional groups on the surfaces of the CDs, FTIR spectroscopy experiment was 

conducted. As shown in the FTIR spectrum (Figure 1E), the absorption band at approximately 3436 

cm-1 arises from the -OH group [34,35] and the strong peaks at 2917 and 2847 cm-1 can be attributed 
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to the stretching vibrations of -CH3 and -CH2, respectively [36,37]. Besides, the merged peaks at 1705, 

1460, 1369, and 1289 cm-1 were respectively ascribed to the stretching vibrations of C=O, C=C, 

symmetric carboxylate and C-O groups [31,38–41].  

Meanwhile, XPS spectroscopy was also applied to characterize the chemical composition of the 

CDs. According to the XPS survey result (Figure S1), only C1s (284.4 eV) and O1s (531.9 eV) signals 

can be observed [42], suggesting the CDs were comprised of C (77.1%) and O (22.9%). High-resolution 

XPS curves of C1s and O1s are deconvoluted for further analyses. The high-resolution XPS spectra of 

C1s in Figure 1F exhibited four peaks at 284.1, 284.7, 285.5, and 288.2 eV, corresponding to the 

presence of C=C/C–C, C-O, C-O-C/C-OH, and C=O bonds, respectively [43–45]. The O1s band was 

deconvoluted into two typical peaks at 531.6 and 532.7 eV (Figure 1G), which were respectively 

attributed to C-OH/C-O-C and C=O [46–48]. Together, these results inferred the existence of carboxyl, 

amide, ether as well as hydrocarbon groups (-CH2 and -CH3) on the surface of CDs.  

Subsequently, the optical features of the CDs were explored by UV-visible absorption and 

fluorescence spectroscopy in ethanol solution. The solution of CDs showed a clear yellowish green 

colour in the room light and emitted bright red fluorescence under 365 nm UV irradiation (Figure 

2A). As can be seen from the absorption spectrum in Figure 2B, the CDs had a very broad absorption 

band covering UV to visible regions, with two intense absorption peaks at 409 and 667 nm, which 

possibly stem from the n-π* transitions of aromatic C=O structrues [49]. 

The fluorescence spectra plotted in Figure 2C shows that the CDs exhibited a fluorescence 

emission maximum at 674 nm when excited at 406 nm, with a large Stokes shift of 268 nm and a full 

width at half maximum (FWHM) of 23 nm. Such a narrow near-infrared emission is similar to that of 

CDs made from taxus leaves [32], but our preparation procedure is time-saving and thus has high 

efficiency. The excitation-emission contour plot of the CDs showed that the emission center of the 

CDs was actually unshifted over a wide excitation range, revealing that the excitation-independent 

emission character of the CDs (Figure 2D). The absolute quantum yield of the CDs in ethanol was 

measured to be 12.18%, mainfesting its promising application for NIR imaging. In addition, we found 

that the CDs displayed intense NIR fluorescence in various organic solvents (Figure S2). However, 

when introducing water into the orgainc solution of the CDs, its emission intensity progressively 

weakened and was completely quenched as the water proportion increased from 0% to 100% (volume 

ratio), suggesting the hydrophobic nature of our obtained CDs (Figure 2E). This result was confirmed 

by water contact angle experiment, showing a static contact angle value of 106.0° (Figure 2F). The 

hydrophobicity of the CDs is due to the fact that hydrophobic long alkyl chains are existed on its 

surface, as veried by XPS and FTIR characterizations. 

 

Figure 2. (A) The ethanol solution of the CDs under (left) nature light and (right) 365 nm UV light. (B) 

Absorption spectrum of the CDs. (C) Fluorescence spectra of the CDs (a: excitation wavelength; b: 

emission wavelength). (D) Excitation-emission contour plot of the CDs in ethanol. (E) Fluorescence 
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spectra of the CDs in ethanol-water mixtures with different water fractions (fw). (F) Contact angle of 

water on a CD film. 

3.2. Fabrication and characterization of Pdots incorporated with CDs 

In order to realize the potential applications of the hydrophobic CDs with bright near-infrared 

fluorescence in biosystem, nanoprecipitation experiments were carried out to transfer the 

hydrophobic CDs from organic phase to aqueous phase with the help of an amphiphilic polymer, 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(polyethylene glycol)-2000 (DSPE-PEG). 

Because of its high biocompatibility, DSPE-PEG derivatives are widely utilized as matrix to 

encapsulate hydrophobic components to afford water-soluble nanoparticles with tiny size (< 100 nm) 

and good colloidal stability [50–54]. Here, to endow the DSPE-PEG assembled nanoparticles with 

subcellular targeting ability, DSPE-PEG-Golgi, which was prepared from DSPE-PEG with a terminal 

carboxyl group and phenylsulfonamide, an effective Golgi apparatus-targetable molecule [5], was 

used in the nanoprecipitation experiment (Figure S3).  

The hydrophobic CDs were incorporated into DSPE-PEG-Golgi via a nanoprecipitation method 

to prepare water-soluble Golgi-Pdots (Figure 3A). TEM image in Figure 3B demonstrates that the 

resultant Golgi-Pdots are quasi-spherical spheres and monodispersed with an average particle size 

of 60 nm (Figure 3C). Like the CDs in ethanol, the Golgi-Pdots in PBS solution showed a yellowish 

green color and emitted bright red fluorescence under 365 nm irradiation (Figure 3D). Fluorescence 

measurements demonstrated that the Golgi-Pdots in PBS solution also showed a maximum emission 

at 674 nm when being excited at 406 nm (Figure 3E), and a fluorescence quantum yield of 11.98%. 

Figure 3F showed the excitation-independent feature of the prepared Golgi-Pdots. Moreover, 

fluorescence lifetime data in Figure 3G revealed that Golgi-Pdots had a single fluorescence decay 

with a lifetime of 2.94 ns, very close to that of bare CDs (3.01 ns). Collectively, these experimental 

data demonstrated that encapsulating CDs into a polymer matrix showed almost no adverse effect 

on its optical properties. 

Next, the fluorescence stabilities of the Golgi-Pdots under different circumstances were 

examined. Figure 4A showed the fluorescence intensities of Golgi-Pdots at various pH values. There 

were no obvious variations in the fluorescence intensities from pH 5 to pH 10, which could make 

Golgi-Pdots usable in the physiological pH range. The stability of Golgi-Pdots in a high ionic context 

using KCl salt was also studied. As shown in Figure 4B, the fluorescence intensity of Golgi-Pdots 

kept unvaried with increasing KCl concentrations up to 1 M, indicating good stability of the Golgi-

Pdots in high ionic strength environments. Photostability is another critical feature for sensors to be 

applied for long term bioimaging. In this regard, the photostability of Golgi-Pdots in PBS solution 

was explored. As depicted in Figure 4C, the Golgi-Pdots possessed excellent photostability, as nearly 

no photobleaching in the emission intensity was noticeable after continuous irradiation at 406 nm for 

1 h. All the above data demonstrated that the Golgi-Pdots maintained a stable fluorescence, which is 

significantly beneficial for their practical applications. 
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Figure 3. (A) Schematic illustration of the preparation of NIR emissive Golgi-Pdots. (B) TEM image 

of Golgi-Pdots. (C) Corresponding size distribution of the Golgi-Pdots. (D) The PBS solution of Golgi-

Pdots under (left) visible light and (right) 365 nm UV light. (E) Fluorescence spectra of Golgi-Pdots 

(a: excitation wavelength; b: emission wavelength). (F) Excitation-emission matrix of Golgi-Pdots in 

PBS solution. (G) Fluorescence decay curve of (black curve) the CDs and (pink curve) Golgi-Pdots 

upon excitation at 406 nm. The fluorescence decay was fitted to a single exponential decay. 

 

Figure 4. (A) The influence of pH values on the fluorescence intensity of Golgi-Pdots. (B) Effect of 

ionic strengths on the fluorescence intensity of Golgi-Pdots. (C) Dependence of fluorescence intensity 

on excitation time for Golgi-Pdots under 406 nm. 

3.3. Cellular imaging 

The inherent toxicity of Golgi-Pdots to living cells was evaluated through a standard MTT assay. 

As illustrated in Figure 5, the cells still had viability values higher than 90% after exposed to Golgi-

Pdots of a high concentration (up to 80 μg·mL-1) for 48 h. This result indicates the as-prepared Golgi-

Pdots are biocompatible to be used in biological field. 
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Figure 5. MTT assay of HeLa cells incubated with different concentrations of Golgi-Pdots for 48 h. 

Using Golgi-Pdots as a fluorescent sensor, bioimaging investigations were in vitro carried out 

by confocal laser fluorescence microscopy. Considering the surface of Golgi-Pdots was functionalized 

with Golgi apparatus-targeting ligand, the probability of Golgi-Pdots to specifically enter in Golgi 

apparatus of live cells was assessed. For this reason, colocalization experiments were carried out in 

HeLa cells by co-staining Golgi-Pdots with a commercial Golgi apparatus-specific dye, Golgi-Tracker 

Green. As expected, an intense red fluorescence was observed from Golgi-Pdots labelled cells (Figure 

6A), which overlapped very well with the green fluorescence from Golgi-Tracker Green (Figure 6B), 

as clearly observed from the bright yellow signals in Figure 6C (the merged image). Of note, the 

variations in the intensity profiles of the linear region of interest (the white line in Figure 6A,B) are 

synchronous in the two channels (Figure 6F). This result solidly established the fact that Golgi-Pdots 

can localize to Golgi apparatus with high specificity. Moreover, in contrast to the commercial Golgi-

tracker Green, Golgi-Pdots are far more tolerant to photobleaching. 

 

Figure 6. Subcellular localization investigations in HeLa cells that were co-labeled with Golgi-Pdots 

(10 μg mL-1) and Golgi-Tracker Green (50 nM)). A: red fluorescence from Golgi-Pdots (λem = 630-710 

nm); B: green fluorescence from Golgi-Tracker Green (λem = 500-580 nm); C: the merged image of A 
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with B; D: bright-field image; E: the merged image of C with D; F: intensity profiles of Golgi-Pdots 

and Golgi-Tracker Green along the white line in A and B across the HeLa cell. 

As shown in Figure 7, signals from Golgi-Tracker Green quenched nearly totally at the 100th scan, 

whereas the red fluorescence from Golgi-Pdots witnessed no significant change. These observations 

manifested that Golgi-Pdots can selectively enter Golgi apparatus and be utilized for long term 

imaging of Golgi apparatus in live cells.  

 

Figure 7. Photostability studies on Golgi-Pdots and Golgi-Tracker Green in cells. Fluorescence images 

of HeLa cells stained with Golgi-Pdots (λem = 630-710 nm) and ER-Tracker Green (λem = 500-580 nm) 

after being scanned for varied times. 

4. Conclusion 

In conclusion, hydrophobic CDs with bright NIR fluorescence and narrow emission band were 

prepared from Magnolia Denudata flowers via an ultrasonic-assisted method and purified via silica 

gel column chromatography. To endow the CDs with good water dispersibility and Golgi-targeting 

ability, we encapsulated the CDs into a polymer matrix to fabricate the desired water-soluble polymer 

dots. The obtained Golgi-Pdots showed high colloidal stability and similar optical properties as 

compared to CDs. Moreover, due to the presence of PEG and Golgi targeting molecules on surface, 

the Golgi-Pdots showed excellent biocompatibility and can be used for long-term bioimaging of Golgi 

apparatus inside living cells. This study provides a novel strategy for the synthesis of Golgi-targetable 

fluorescent probe and reveals their promising applications in biology and medicine. 
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