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ABSTRACT
Surface modification of gold quantum dots (AuQDs) has emerged as a highly 
interesting area of study in terms of different applications, such as sensors, med-
ical, and aerospace technology. For synthesis of gold quantum dots (AuQDs) 
nucleation, growth, and stability is most important factor. To control nucleation, 
growth, and stability, monodispersed spherical AuQDs were synthesized using 
sodium citrate and tannic acid. PEG 6000 was then used to coat these AuQDs. 
The FA was conjugated with PEG-AuQDs to form nanoconjugates known as FA-
PEG-AuQDs using N-ethyl-N′-(3-(dimethylamino)propyl) carbodiimide (EDC)/N-
hydroxysuccinimide (NHS) coupling procedure. XPS, TEM, HR-TEM and other 
techniques were used to characterize AuQDs and FA-PEG-AuQDs.

1 Introduction

Nowadays, there has been improvement in the field 
of nanotechnology where intriguing findings have 
opened up new possibilities in aerospace technology, 
electronic technology to cure cancer by targeting and 
detecting cancer cells [1]. In the field of nano-tech-
nology, gold nanoparticles are known for their bio-
logically relevant sized, low toxicities, high surface 
areas, ease to functionalize with biomolecules, and 

well-defined optical properties that can be used to 
modify imaging, aero science, and therapeutic deliv-
ery. Due to these characteristics, gold nanoparticles 
have gained attention of the scientific community of 
nanotechnology for vast applications in various field 
among which there is use of QDs as a drug delivery 
vesicle, previously ZnS, Carbon QDs have been effec-
tively used due to properties, like highly improved 
surface area and ability to carry water insoluble drugs 
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to the target with optimum concentration of the drug 
[2, 3].

Numerous drug delivery vehicle systems based 
on folate have been created or enhanced to transport 
drugs is also one kind of use of quantum dots. [4, 5]. 
Polycaprolactone and hyperbranched polyester mod-
ified with L-lysine are examples of biodegradable 
materials based on polymers. Polymer-based materi-
als has been a leading solicitude in relation to incarna-
tion of integrated carriers for drugs. Recently, metal 
nanoparticles such as silver, platinum, and gold are 
extensively used in medical field due to their ability 
to form specific morphology which includes size and 
other dimensions that could ease surface functionali-
zation with biomolecules [6].

The FA receptor, which is more prevalent on dam-
aged or affected cells compared to normal cells, can 
be utilized to facilitate targeted drug delivery to these 
affected cells. [7]. FA can be vastly attached with dif-
ferent NPs as well as polymers which are biocompat-
ible and can act as a targeting moiety. Therefore, FA-
functionalized Au QDs have been immensely studied 
for their drug delivery activities.

FA-functionalized AuQDs have been developed 
by Shakeri-Zadeh et al. [8] using linking agents such 
as p-aminothiophenol and 6-mercaptohexanol. To 
develop adequate platforms of AuNP nanoconju-
gate that are FA-based, two formulation parameters 
are crucial: (1) conjugation of polymeric compounds 
to achieve colloidal stability of nanoparticles and (2) 
bonding of FA covalently to PEG-conjugated AuNPs 
[9, 10].

The production of biocompatible Au QDs has been 
achieved through the use of green synthesis methods, 
which involve the utilization of solvents like water 
and biomolecules, such as phytochemicals as reduc-
ing and stabilizing agents. Synthetic polymers and 
bifunctional copolymers like citrate-PEG (CPEG) are 
commonly employed as both reducing and stabilizing 
agents in the production of AuNPs. [11, 12]. Because 
of its qualities, such as electrical neutrality and high 
hydrophilicity, PEG is frequently used for applications 
like grafting and adsorption to surfaces of NPs.

After the NPs have been PEGylated, a protective 
hydrophilic coating forms around them which serves 
as a bridge to link ligands or peptides that are tailored 
to its hydroxy terminus, which can bind to the surface 
of cells containing specific receptors, also known as 

targeted delivery. PEG, which possesses a wide range 
of capabilities include increasing the delivery of spe-
cific NPs, preventing the removal of NPs by the MPS 
and adapting some physicochemical features, such as 
the mechanical properties of membrane and behavior 
of drug loading and release [13].

Bifunctional polyphenol-based polymers can 
serve as both reducing and stabilizing agents in the 
synthesis of Au QDs, as well as linkers for attaching 
FA (folic acid) via covalent bonds [14, 15]. Basically, 
Tannins are compounds which are phenolic and 
resulting from several plants having high ecologi-
cal values. Its benefits are widely expressed by TA, 
including antioxidant, anticancer, neuroprotective, 
and anti-inflammatory properties [16]. Tannic acid 
contains a link that is hydroxyl, which boost water 
solubility [17]. The capacity to interact with macro-
molecules and biopolymers through cross-linking 
makes TA a prospective medicinal candidate. This is 
because of its hydroxy and carboxy groups. Thanks 
to its potential polyphenolic phytochemicals, TA 
plays a significant role in synthesis of quantum dots 
demonstrating anti-tumorigenic effects [18]. Tannic 
acid (TA) is a type of polyphenol with a structure 
that allows for strong binding with various species 
through hydrophobic, multiple hydrogen bonding, 
π–π, and cation–π interactions.

Some naturally occurring polyphenols, such as TA 
and EGCG, have been shown to exhibit endocytosis 
behavior [19]. Additionally, polyphenol molecules 
and nanoparticles can interact with biomolecules, 
such as proteins, nucleic acids, and phospholipids, 
through several non-covalent interactions, which can 
be useful for gene delivery and cell coating [20]. In 
the recent years, the application of TA in primary 
chemoprevention as well as sensitization to conven-
tional drugs are used in therapy for carcinogenesis 
[21]. Coordination reactions can be used to create 
metal-phenolic cross-linking networks, hydrogels, 
nanoparticles, and coatings [22].

Therefore, in the present study, PEG-coated 
quantum dots were surface functionalized with tan-
nic acid. Tannic acid was used as a reducer and a 
stabilizer for the synthesis of gold nanoparticles. 
Folic acid was then attached to the –AuQDs group 
via polyphenol by the reaction of carbodiimide 
coupling, resulting in FA-PEG-TA-AuQDs. As size 
increased due to the addition of FA, quantum dots 
changed into nanoparticles. The morphological and 
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structural characteristics of FA-PEG-TA-AuQD were 
then determined.

2 �Materials and methods

2.1 �Materials

Tannic acid (Sd Fine Chem Ltd, India), sodium cit-
rate (Loba Chemie Pvt Ltd, India), stannous chloride 
dehydrate (Loba Chemie Pvt Ltd, India),potassium 
carbonate (Loba Chemie Pvt Ltd, India), PEG6000 
(Merck Life Science Pvt. Ltd), gold (III) chloride 
hydrate (ultrapure 99.99%, ~ 49% Au) (Sisco Research 
Laboratories Pvt. Ltd.), 1,2-dichloroethane or eth-
ylene dichloride (EDC) (Sd Fine Chem Ltd, India), 
1-hydroxysuccinimide (NHS) (Sd Fine Chem Ltd, 
India), and folic acid Sd Fine Chem Ltd, India) were 
procured.

2.2 �Characterization techniques

Transmission electron microscope images were 
obtained on TECNAI 120 kV d1240 Bio Twin. High-
Resolution Transmission Electron Microscopy (HR-
TEM) system images were captured on JEOL JEM 
2100 at 200 keV. PEG-TA- AuQDs [AuQDs with PEG 
6000] were equally laid on small pieces of glass slide. 
XPS spectra of samples were recorded on (Omicron 
ESCA, Oxford Instrument, Germany) instrument. 
FTIR spectrometer spectrums were recorded using a 
PerkinElmer Spectra Version 10.03.07. EDAX analysis 
was carried on by EVO-18 scanning electron micro-
scope (Carl Zeiss, Germany). UV spectroscopy of 
FA-PEG-TA-AuQDs was run at 200–700 nm UV–vis 
range on Shimadzu-1800 spectrophotometer.

2.3 �Synthesis of tannic acid‑based gold 
quantum dots (TA‑Au QDs)

Tannic acid (TA) significantly altered the kinetics 
of Au NP synthesis when it is added to the method 
named Inverse Turkevich [23] resulting in rapid 
and regular generation of 3.3 nm Gold NPs. Simply 
stated by chemical reduction of the gold precursor 
HAuCl4 by dissolved trisodium citrate at 90 °C from 

aqueous solutions containing (HAuCl4 0.20 mM) and 
(SC, 2.1 mM, 150 mL) of gold precursor and citrate, 
respectively. Along with the addition of tannic acid 
(TA, 2 mM, 0.1 mL) which acts as a strong reducing 
agent producing narrowly dispersed gold quantum 
dots. Above mechanism is presented in the reaction. 
In order to get size maintained AuQDs add 1 ml of 
potassium carbonate (K2CO3, 150 Mm, 1mL) leading 
to synthesis of small size AuQDs compared to the 
other pH factors as shown in earlier studies. And in 
order to attach the FA [24] and while using [EDC/
NHS] as loading agent, no pH change was observed 
and hence no optimization was carried out [24].

After injecting the gold precursor, the solution 
changed from translucent to blackish gray instantly. 
After a few minutes, it turned in to crimson color, indi-
cating the creation of tiny Au QDs. Use of TA at low 
quantity and having reducing power comparatively 
more than SC appeared to be essential. The use of TA 
in low quantity which has a reducing power appearing 
to be higher than SC which is responsible for the criti-
cal formation of smaller nano particles [25]. As SC is 
also the reducer, addition of TA increases the reducing 
power As both reducers are necessary, their absence 
could result in polydisperse and large particles. After 
the synthesis, the solution was kept in dark condition. 
The schematic of the detailed synthesis procedure is 
provided in above scheme 1.

2.4 �Coating of PEG ‑6000 to tannic acid‑based 
gold quantum dot (PEG‑TA‑AuQD)

Tannic acid-based gold quantum dots were dissolved 
in PEG 6000 (10 mg) and the reaction was carried out 
at 90 °C for 12 h under normal atmospheric conditions 
before being cooled to ambient temperature. After 
the attachment of PEG 6000 the solution of PEG-TA-
AuQDs was placed in dark condition.
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2.5 �Attachment of folic acid to PEG‑TA‑Au 
QDs (FA‑PEG‑TA‑AuQDs

One-pot synthesis of synthesis of FA- PEG-TA-AuQDs 
and drug loading onto it was carried out using 
modified method of Gajendiran et al. [26]. Separate 
solutions of NHS [2.5 mM], EDC [2.5 mM], and FA 
[2.5 mM] were prepared. 50 ml of PEG-TA-AuQDs 
solution was mixed with equimolar ratio of EDC and 
NHS in a flask which was maintained at room tem-
perature away from sunlight on magnetic stirrer. To 
this mixture, FA was added with the flow rate of 5 ml/
min and stirring was continued overnight.

The obtained solution then was used for 
characterization.

3 �Results and discussion

3.1 �Morphological properties of tannic 
acid‑based quantum dot coated 
with PEG6000 [PEG‑TA‑AuQDs]

The TEM images and size distribution of AuQDs and 
PEG-TA-AuQDs are shown in Fig.  1a–d. The HR-
TEM image and d-spacing of the PEG-TA-AuQDs are 
shown in Fig. 1e and f. The TEM image of PEG-TA-
AuQDs (tannic acid-based AuQDs with PEG 6000) 
indicated that these nanoparticles exhibited spheri-
cal shape and homogeneous distribution of the PEG 
matrix. The size distribution analysis showed that the 
diameter of PEG-TA-AuQDs ranged from 2 to 5 nm. 
To further characterize PEG-TA-AuQDs, HR-TEM was 
performed, which revealed fringes on the surface of 

the spherical gold nanoparticles. The observed d-spac-
ing to be 0.24 nm. These results suggest that tannic 
acid acted as a potential reducing and stabilizing agent 
in the formation of spherical PEG-TA-AuQDs (Fig. 1).

3.2 �Morphological properties 
of FA‑PEG‑TA‑AuQDs [folic acid attached 
to PEG‑TA‑AuQDs]

After using the EDC/NHS coupling reaction, folic acid 
was attached and TEM was carried out, and depicted 
in Fig. 2. It is showing in increase of size from 2 to 
5 nm to 9 to 10 nm, indicating successful attachment 
of folic acid to PEG-TA-AuQDs.

3.3 �XPS studies

The elemental composition and its oxidation states 
were analyzed by high resolution X-ray photoelec-
tron spectroscopy. Figure 3 shows the XPS spectra 
of PEG-TA-AuQDs. Figure 3a represents the hyper-
fine splitting of calcium 2p orbitals. The orbital 
states Ca 2p3/2 and Ca 2p1/2 were further split in 
three states having oxidation states 0, + 1, and + 2 
having corresponding binding energies 345.97, 
346.66, and 347.45 eV for Ca 2p3/2 state and 349.45, 
349.96, and 350.75 eV, respectively. The energy dif-
ferences between similar oxidation states of Ca2p3/2 
and Ca2p1/2 are nearly 3.3 eV [27]. Figure 3b C1s 
spectrum, the splitting gives the three components 
assigned to C–C, C–O–CH, and O–C=C with respec-
tive binding energy 284.19, 286, and 287.32 eV. Fig-
ure 3c shows the sodium 1 s spectra, since there is 

Scheme 1   The detailed syn-
thesis procedure of Au NPs
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single unpair electron in 3 s orbital it has only single 
X-ray peak which is assigned to Na metal with bind-
ing energy 1071.33 eV. 

Figure 3d represents the O1s spectra and the peaks 
in O1s correspond to chemical species, C–O–H and 
C–O having binding energy 530.27, 531.66, and 
532.44 eV, respectively [28, 29]. The FWHM and rela-
tive peak intensities are represented in Tables 1–3 of 
the supporting information.

Figure  4 represents the XPS spectra of 5FU-
attached FA-PEG-TA-AuQDs. Figure 4a represents 
C1s spectrum having splitting components C–C/C–H, 
C–N/C–O and C=O having binding energy as 283.75, 

285.37, and 287.21 eV, respectively. Figure 4b rep-
resents hyperfine splitting of Au 4f orbital having 
4f7/2 and 4f5/2 sub-orbitals. The oxidation states for 
4f7/2 orbital are 0, + 1, and + 3 having binding ener-
gies 82.66, 83.4, and 86.07 eV, while the same for 4f5/2 
orbital are 0, + 1, and + 3 with binding energies 86.58, 
87.75, and 89 eV, respectively. Au 4f region has well-
separated spin orbit components Δ = 3.92 eV with 
peaks having asymmetric shape [30].

Figure  4c gives the XPS spectra of F 1  s, with 
metal-F peaks at 685.89 eV and org. F having bind-
ing energy at 686.55 eV. Also, Fig. 4d represents 
the N 1 s peak with 1 s splitting ascribed to C–N=C 
and C–NH=C having corresponding binding energy 

Fig. 1   TEM images. a, c 
Histogram of size distribu-
tion; b, d HR-TEM image; e 
Graph of d-spacing; f PEG-
TA-AuQDs
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as 397.5, and 399.19 eV. Also, peak position for Na 
1 s orbital remains unaltered with binding energy 
1071.33 eV as represented in Fig. 4e. Metal–Oxide 
and metal–carbon peaks O 1 s have binding energies 
at 530.33 and 5.31.63 eV. The C=O chemical bonding 
with binding energy 532.34 eV is observed on O1s 
spectra [29, 31]. The FWHM and relative peak inten-
sities are represented in Tables 4–8 of the support-
ing information. These data confirm the conjugation 
and spectrum of elements present in each sample.

3.4 �FTIR study

FTIR spectral analysis of 5FU-attached FA-PEG-TA-Au 
QDs was performed (Fig. 5) to describe chemical con-
jugation of PEG and TA-Au QDs [32]. Spectral graphs 
were compared to standard spectral graph of PEG bind-
ing to gold nanoparticles [33] to determine whether the 
spectrum showed conjugation or the presence of PEG 
[34]. Frequencies observed at 960.18 and 841.63 cm−1.

indicated successful binding of PEG to nanopar-
ticles when compared to standardize graph of PEG 
attached to gold nanoparticle giving the vibration 
peaks of C=C [35]. Due to presence of above functional 
groups and their comparisons by standard graphs, the 

binding of PEG with to the gold quantum dots is suc-
cessfully observed.

UV–Vis absorption spectra of 5-FU solutions of dif-
ferent concentrations after being loaded in a GO dis-
persion (8 mg mL.

3.5 �Spectra of UV–vis absorption 
of FA‑polymer‑AuQDs nano‑conjugates

The UV–vis absorption spectrum of the gold quan-
tum dots (AuQDs) and drug-loaded nanoconjugate 
displayed two absorption bands at 537 and 531 nm 
(Fig. 6). The former is believed to originate from 
the surface plasmon absorption of AuQDs, which 
is present in both the FA-PEG-TA-AuQDs and the 
nanoparticle solution, with a peak shift of 4.92 nm. 
The location of the band for AuQDs is predominantly 
influenced by the size of the Au particles and hence 
the absorption position of this peak serves as an 
indicator that the AuQDs are very small in size. This 
assumption was further supported by transmission 
electron microscopy (TEM) analysis. TEM analysis 

Fig. 2   TEM images (a, b) 
and histogram (c, d) of FA-
PEG-TA-AuQDs
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revealed that the AuQDs are indeed very small, with 
an average diameter of only 3.7 nm. The particles 
were mostly spherical in shape and well dispersed 
in the solution. The images also showed that the 5FU 
drug was present in the nanoparticle solution, con-
firming the results obtained from the UV–vis absorp-
tion spectrum. In conclusion, the UV–vis absorp-
tion spectrum of the AuQDs and solution showed 
the presence of the surface plasmon absorption of 
AuQDs, indicating the small size of the particles. 
TEM analysis further confirmed the small size of the 
particles and the presence of the PEG in the nano-
particle solution.

4 �Conclusion

In conclusion, this study successfully synthesized FA-
functionalized, tannic acid-based gold quantum dots. 
Tannic acid played a dual role as a reducing agent and 
a stabilizing agent. The use of PEG6000 as a coating 
agent increased the carrying capacity and stability of 
the nanoparticles. FTIR data confirmed the presence 
of polymer-AuQDs and 5FU loading on nanoconju-
gates after attachment to FA. XPS results revealed that 
tannic acid and PEG 6000 were conjugated, and the 
samples contained O, C, Cl, K, and Na. This study may 
provide a practical framework for the preparation of 
FA-functionalized, tannic acid-based gold quantum 
dots which can be potentially used in various medical 
applications, which could have significant implica-
tions in the biomedical field.

Fig. 3   X-ray photoelectron spectroscopy (XPS) spectra of PEG-TA-AuQDs. a–d Graphs of respective elements recorded by XPS
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