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Efficient delivery of therapeutics remains a significant challenge, often hindered by solubility barriers encoun-

tered within aqueous biological environments. Carbon dots (CDs) offer a promising solution for drug delivery

due to their aqueous dispersibility, generally low cytotoxicity and surfaces rich in functional groups which can

enable facile conjugation of target payloads. However, traditional CD conjugation methods typically rely on

robust covalent amide bonds that are difficult to cleave and require the use of hazardous coupling reagents.

As an alternative covalent linkage, the solid-state mechanochemical formation of covalent imine bonds on

the surfaces of CDs was achieved in this work. Vanillin (VAN), a model aldehyde molecule, was mechano-

chemically conjugated to the surface of CDs without the need for a solvent, or a catalyst. 1H-NMR analysis

confirmed successful formation of an imine bond linkage due to the appearance of an imine proton at

8.1 ppm. Deconvolution of the N 1s spectrum revealed an increase in the relative NvC area at 398.5 eV from

38.9% to 61.9%, confirming the formation of new imine bonds. A drug loading capacity (DLC) of 5.02% was

achieved and the pH-responsive drug release profiles were similar across all tested pH levels (5, 6, and 7.4)

with release occurring over a period of 24 hours before reaching a plateau. In vitro cell viability assays showed

that the CDs remained above 90% cell viability after 72 hours and exhibited low cytotoxicity in A549 model

lung cancer cells, before and after mechanochemical conjugation with VAN.

1. Introduction

Nanomaterials have garnered significant attention over the last
two decades, owing to their immense potential impact in the
fields of chemistry, biology and physics.1–3 Over the past decade,
nanomaterial-based targeted drug delivery has come to light.4,5

This interest stems from the materials’ ability to enhance the tar-
geted and controlled release of therapeutic molecules, improve-
ment of the circulation time and bioavailability, as well as an
enhancement of the permeability across biological
membranes.6–17 To date, a wide range of nanomaterials have
been studied in drug delivery applications including inorganic
(e.g. quantum dots and lanthanide-doped nanoparticles), poly-
meric (e.g. polyethylene glycol and polyethyleneimine nano-
particles), nanogels (e.g. chitosan and alginate nanogels) and
lipid-based (e.g. liposomes and solid lipid nanoparticles)
nanomaterials.18–25 While many show remarkable properties,

some suffer from drawbacks such as poor cellular compatibility
and uptake, requirements for post-synthetic surface modification
to render them hydrophilic, as well as the lack of intrinsic trace-
able markers, to name a few examples. It is in this regard that
carbon dots (CDs) offer a promising alternative, as they are readily
dispersible in aqueous media, possess low cytotoxicity and exhibit
intrinsic fluorescence with remarkable fluorescence quantum
yields.26–35 CDs are described as quasi-spherical amorphous
nanomaterials (∼10 nm) with a structure mostly comprising an
sp2 and sp3 carbon framework with a surface rich in heteroatoms
decorated with functional groups such as carboxylic acids,
amines, amides, ketones and alcohols.36–43 These groups can be
easily functionalized with a myriad of molecules, peptides or poly-
mers of interest, making them valuable drug delivery vehicles.

Current medical literature reports that over 40% of all drugs
in clinical use are hydrophobic, and 90% or more of newly devel-
oped drugs are described as Class II (high permeability, low
solubility), or Class IV (low permeability, low solubility).44 This
inherent hydrophobicity often results in lower bioavailabilities
due to limited dissolution of a drug within the aqueous blood-
streams. CDs, as hydrophilic drug delivery vehicles, offer a prom-
ising solution, however, some challenges persist. Most notably,
functionalization of CDs typically relies on conjugating thera-
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peutic agents through robust covalent amide linkages, which are
highly stable, but difficult to cleave under physiological con-
ditions, limiting release of the surface functionalized molecule
and potentially affecting the pharmacophore.45 Additionally,
amide bond formation often requires the need for expensive and
hazardous coupling agents such as 1-ethyl-3-(3-dimethyl-
aminoporpyl)carbodiimide (EDC), which is classified as toxic in
contact with skin and very toxic to aquatic life with long lasting
effects according to the safety data sheet.46,47 It is in this regard
that imine bonds have been shown to be great alternatives, as
they are covalent linkages which can form without the need for
coupling agents and can cleave in response to slight changes in
physiological pH.48–50 Acid labile bonds are often desirable, as
nanocarriers are commonly uptaken through endocytosis and
experience changes in pH ranging from a pH of 7.4 (blood
stream) to a pH of 6.0 (early endosome) and finally a pH of 5.0
(late endosome/lysosome).51

It has been shown that mechanochemistry is an attractive
approach to imine bond formation.52 The mechanochemical
approach is particularly interesting because it avoids the use of
solvents, which can sometimes lead to solubility issues during
the conjugation procedure. Mechanochemistry involves the use
of mechanical energy, typically in the form of grinding or milling
in order to drive reactions forward.53 This field of chemistry has
gained significant traction in recent years due to its ability to
minimize or eliminate the use of solvents and thus overcoming
any solubility barriers and rendering syntheses more unstainable
in the process.54,55 Mechanochemistry can also significantly
reduce reaction times, and avoids the use of harsh catalysts and
toxic solvents. While solution-based approaches have been suc-
cessful in the formation of imine bonds employing CDs, the use
of mechanochemistry to form imine bonds on the surfaces of
CDs remains unexplored, to our knowledge.56

Herein, mechanochemistry was leveraged to efficiently attach
vanillin (VAN), a model drug to the surfaces of nitrogen-doped
CDs, forming stable yet cleavable imine bonds. Furthermore, the
mechanochemical functionalization process, kinetics of drug
release, and the potential in vitro effects of this novel functionali-
zation strategy were also explored. The undertaken approach in
this work can translate beyond the conjugation of a model mole-
cule to the conjugation of drugs containing aldehyde functional
groups such as the antiviral medication Bofutrelvir, potentially
improving therapeutic efficacy.57 The mechanochemical approach
to CD surface conjugation provides a promising solution to chal-
lenges such as solubility mismatches between therapeutic mole-
cules and CDs, as it eliminates the need for solvents.58

Furthermore, conjugation times may also be improved which can
otherwise last upwards of 24 hours. This approach can accelerate
the translation of CD systems beyond proof-of-concept studies.

2. Materials and methods
2.1. Chemicals and reagents

Citric acid, pentaethylenehexamine (PH6), vanillin, methanol,
chloroform, methanol-d4 and methanol-d4 (0.03% v/v TMS)

were all purchased from Sigma Aldrich. Acetone was pur-
chased from Caledon Laboratories Ltd. Sodium phosphate
dibasic heptahydrate and uranyl acetate were purchased from
Fisher Scientific. 3.5–5 kDa regenerated cellulose membranes
were purchased from Cole-Parmer Canada. Milli-Q water was
produced in-house, and Dulbecco modified eagle medium
(DMEM, 319-065 CL) and Fetal bovine serum (Heat
Inactivated, US origin, cat. no. 080-150) and Phosphate
Buffered Saline 10× (311-410-CL) were purchased from Wisent
Bioproducts. Sterile 96 well culture plates were obtained from
Sarstedt (cat. no. 83.3924.005).

2.2. Methods

2.2.1. Microwave assisted synthesis of CDs. 375 mM of the
amine precursor pentaethylenehexamine (PH6) was weighed
in an Erlenmeyer flask and 500 mM of citric acid was added to
the flask along with 100 mL Milli-Q water. A magnetic stir bar
was introduced, and the solution was stirred and occasionally
sonicated to ensure a homogeneous mixture. The mixture was
separated evenly by measuring two 50 mL portions in two
microwave reactor vessels and sealed shut. Each tube was
placed into a CEM MARS 6 microwave reactor and reacted at
210 °C for 10 minutes. After completion, the contents of the
tubes were dialyzed in Milli-Q water using 3.5–5 kDa regener-
ated cellulose membranes for 5 days. The Milli-Q water was
changed once a day throughout the dialysis procedure. After
dialysis, each CD solution was concentrated and further puri-
fied through acetone washes. Acetone is added to the material,
vortexed and sonicated followed by centrifugation at 10 000g
for 10 min. After centrifugation the supernatant is discarded
and acetone is reintroduced, repeating the process for a total
of three times. The pelleted, purified CDs were dispersed in
water, frozen at −80 °C and then lyophilized overnight. The
solid material was then crushed into a fine powder using a
mortar and pestle resulting in purified PH6-CDs with an
approximate yield of 10% (Fig. 1).

2.2.2. Mechanochemical drug conjugation. 60 mg PH6-
CDs and 90 mg VAN were added to a stainless-steel planetary
milling jar (50 mL capacity) along with 3 stainless steel milling
media spheres (10 mm in diameter). The jar was sealed with a
stainless-steel lid fitted with a Teflon gasket and placed in a
Fritsch Planetary Micro Mill model “pulverisette 7” housing
two stainless-steel cups. A second empty Jar was also placed in
the miller acting like a counterweight and the contents were
milled for 30 minutes at 60 Hz. Upon completion three 25 mL
acetone washes were carried out to remove unbound VAN and
the final material was drug under vacuum to obtain VAN-CDs.

2.2.3. Drug release. 5 mg VAN-CDs were added to a 20 mL
scintillation vial along with 10 mL McIlvaine buffer (0.1 M
acid, 0.2 M sodium phosphate dibasic heptahydrate) at pH 5.0,
6.0 and 7.4 and 10 mL chloroform was added to create a bipha-
sic solvent system with the aqueous buffer on top of an
organic phase. The released VAN diffuses into the chloroform
layer as it is freely soluble in chloroform in comparison to
water and 1 mL of chloroform was extracted at each time point
and replaced with 1 mL of fresh solvent. The absorbances of
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the extracted samples were analysed using a Cary 60 UV-Vis
spectrophotometer (Agilent). The VAN λmax at 275 nm was
chosen and utilized for quantification with comparison to a
generated calibration curve (Fig. S5).

2.2.4. Cell viability assay. A549 cells were cultured in
DMEM (Wisent Bioproducts) supplemented with 10% fetal
bovine serum (Wisent Bioproducts) and incubated under stan-
dard culture conditions. Cells were routinely checked for myco-
plasma contamination prior to use. Cells were routinely pas-
saged after reaching 80–90% confluency prior to plating, and
cells were not used past passage 20. The assay was performed
in flat-bottom 96 well plates treated for adherent tissue culture
(Sarstedt). Cells were seeded at 3000 cells per well and incu-
bated for 24 hours prior to treatment with carbon dots or VAN
suspended directly in DMEM. Cells were incubated with
100 µL solutions of CDs (500 µg mL−1 or 50 µg) or VAN
(70.5 µM, maximum dose released from 50 µg CDs) for
72 hours, equivalent to three cell division cycles. 72 hours
post-treatment, cells were rinsed with 1× PBS and incubated
with 10% resazurin solution (TCI Chemicals) in DMEM and
metabolic activity was evaluated using an Agilent Synergy H1M
microplate reader operating in absorbance mode with an end-
point at 600 nm, 4 hours post-incubation with resazurin. All
treatment conditions (vehicle, CDs, VAN, VAN-CDs) were
studied with a sample size of n = 8, and all assays were inde-
pendently repeated in triplicate.

2.3. Characterization

2.3.1. Ultra-visible (UV-VIS) absorbance spectroscopy. All
characterization absorbance spectra were acquired using a
Cary 5000 series UV-Vis-NIR Spectrophotometer (Agilent
Technologies). The UV-visible absorption spectra were col-
lected over a range of 200–800 nm using a 1 cm path length
quartz cuvette.

2.3.2. Fluorescence (FL) spectroscopy. A Cary Eclipse fluo-
rescence spectrophotometer (Agilent Technologies) was uti-

lized to acquire fluorescence spectra over a spectral range of
360–800 nm. The spectra were obtained by placing the
sample in a 1 cm quartz cuvette and the PMT voltage was
set at 600 V. The data was processed using Cary Eclipse
software.

2.3.3. Fourier-transform infrared (FT-IR) spectroscopy. The
Thermo Scientific Nicolet iS5, equipped with an ID5 attenu-
ated total reflectance (ATR) accessory, was used to collect FT-IR
data. The analyses were performed on a laminate-diamond
crystal window, with 64 scans and at a resolution of 0.4 cm−1

per sample spectrum acquisition.
2.3.4. Proton nuclear magnetic resonance (1H-NMR) spec-

troscopy. All 1H-NMR spectra were obtained with a Bruker
Fourier Ultrashield™ (Bruker, Germany) operating at
300 MHz. All samples were prepared and analysed in metha-
nol-d4 due to its greater ability to solvate/disperse all samples
used in this study. 750 µL of deuterated methanol containing
0.03% v/v tetramethyl silane (TMS) as an internal standard was
used to disperse 27 mg VAN-CDs for qNMR studies.

2.3.5. X-Ray diffraction (XRD). All XRD spectra were
obtained in the 2θ range from 10° to 70° at a rate of scan of
10 °C min−1 with a Rigaku MiniFlex 6G diffractometer (Cu Kα
source; λ = 1.54 Å).

2.3.6. X-Ray photoelectron spectroscopy (XPS). All XPS
spectra were obtained using a Thermo Scientific Nexsa G2 XPS
with an Aluminum-Kα X-ray source and a spot size of ∅
400 µm. A survey scan was carried out with a pass energy of
200 eV and a step size of 1 eV. High resolution scans of C 1s, O
1s and N 1s were also carried out in triplicate with pass ener-
gies of 50 eV and step sizes of 0.1 eV with 10 runs for each
scan.

2.3.7. Transmission electron microscopy (TEM).
TEM images of the CDs (Fig. S1) were collected using a TFS
Spectra Ultra HRTEM/STEM instrument equipped with a
X-FEG source and an ultimono monochromator (10 meV at
60 kV).

Fig. 1 Schematic diagram summarizing overall workflow of this study from synthesis of the CDs to the cell viability assay of the conjugated CDs.

Paper Nanoscale

28054 | Nanoscale, 2025, 17, 28052–28062 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/2
6/

20
26

 6
:5

4:
19

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr03355a


3. Results and discussion

Nitrogen doped pentaethylenehexamine (PH6)-CDs, known for
their high fluorescence quantum yield (20%), are efficiently
uptaken in cells and show no signs of toxicity in HeLa & HFF
cells beyond 10 000 µg mL−1, which is desirable for biological
applications and, more specifically, for drug delivery.27

Additionally these CDs have been shown to localize to lyso-
somes and are uptaken primarily through endocytosis.27 PH6-
CDs have many amine groups decorating their surface, which
are necessary for imine bond formation, a bond typically
chosen for drug delivery due to its dynamic nature.59 These
CDs were synthesized via a microwave-assisted reaction using
citric acid as a carbon source and PH6 as a nitrogen source.

The CDs were first characterized to assess their physico-
chemical and optical properties. UV-Vis and Fluorescence
spectroscopy were first carried out to determine if a material
with its own unique optical signatures is produced in compari-
son to the starting materials. The absorption spectrum of PH6-
CDs depicts a π → π* transition centered at 240 nm and an n
→ π* transition centered at 350 nm, which are ascribed to the
sp2 domains found within the structure of the CDs, and the
carbonyl (CvO) functional groups decorating the surfaces,
respectively (Fig. 2a). The bands are clearly different than
those present in the precursors, providing strong evidence of
CD formation. A characteristic blue fluorescence27 with an
emission maximum centred at 450 nm was observed following
350 nm excitation, as shown in Fig. 2b. Once again, this fluo-
rescence is different than both precursors, with citric acid and
pentaethylenehexamine having no intrinsic fluorescence.

PXRD analysis was carried out do determine if the syn-
thesized material depicts any Bragg’s reflections; the lack of
reflections would point towards the formation of an amor-
phous material rather than a crystalline material. Crystallinity
of the CDs was assessed using PXRD and they were found to
be amorphous in nature as demonstrated by an amorphous
halo observed from 10–30° 2θ (Fig. 2c), which is consistent
with current CD literature.60,61 Notably, the citric acid precur-
sor shows clear Braggs peaks indicating the shift from a crys-
talline precursor to an amorphous CD. The crystallinity of the
PH6 precursors could not be assessed as it is a liquid. TEM
analysis (Fig. S1) was also carried out to determine the size
and morphology of the dots. The CDs were quasi spherical in
shape with a particle size of 2.5 ± 0.7 nm and assize distri-
bution spanning 1–4 nm.

FT-IR was carried out to determine the chemical compo-
sition of the synthesized material. This analysis allows for a
direct comparison to the chemical composition of starting
materials. FT-IR analysis (Fig. 2d) shows that the surface of the
CDs is rich in amine and hydroxyl groups (3268 cm−1), sp3

alkane groups (2938 cm−1, 2821 cm−1), carbonyl functional
groups originating from ketones, or acids (1695 cm−1), carbo-
nyl groups originating from amide functionalities (1645 cm−1)
and alkene groups (1540 cm−1). Citric acid also shows similar
carboxylic acid vibrations, particularly the hydroxyl stretching
vibration at 3276 cm−1 and the associated carbonyl stretching

vibration at 1691 cm−1. PH6 shows clear amine vibrations with
an N–H stretch at 3273 cm−1 and the corresponding bending
vibration at 1601 cm−1. All stretches and bends are in accord-
ance with other similar CD systems discussed in the
literature.62,63 These results highlight that the functional
groups present in the precursors translate effectively to the
functional groups found on the surfaces of the CDs while also
showing some expected differences when undergoing the
transformation to form a nanomaterial.

Lastly, important functionalities relating to the different
proton environments of the CDs were also assessed using
1H-NMR spectroscopy (Fig. 2e). 1H-NMR was carried out to
support the findings of FT-IR and ensure that the functional
groups of the CDs are unique and comparable to that of the
precursors. Protons relating to sp2 domains were confirmed
following the presence of a multiplet spanning 5.5–6.5 ppm.
Many signals can be observed spanning the region of
2.5–4.25 ppm, depicting the presence of protons directly
bonded to electronegative atoms such as nitrogen (amine
groups), or protons bonded to carbon atoms, which in turn are
bonded to electronegative functionalities (amide groups).
Many multiplets can also be observed from 0–2 ppm, which
are representative of protons bonded to carbon atoms that are
not neighbouring any electronegative functionalities. The
1H-NMR spectrum of citric acid clearly shows a quartet at
3 ppm related to the proton attached to the alpha carbon. The
1H-NMR spectrum of PH6 also evidences a multiplet at 3 ppm
ascribed to the protons of the central alkyl groups. It’s interest-
ing to note that the 1H-NMR spectrum of the CDs in this
region is drastically more complex compared to the precursors,
indicating the formation of a higher order structure with a
surface likely decorated by many different types of carboxylic
acid and amine bearing functional groups.

VAN, a model aldehyde molecule exhibiting therapeutic
effects, was conjugated to PH6-CDs utilizing mechanochemis-
try as a novel approach for the formation of this type of
linkage. Conjugation of VAN to PH6-CDs was first assessed by
FT-IR to evaluate if a change in chemical composition can be
observed. The most intense stretching vibration of VAN is that
of the aldehyde functional group at 1658 cm−1 which seems to
be absent post-conjugation, as observed in the FT-IR spectrum
of VAN-CDs, suggesting conversion of the aldehyde group into
an imine bond (Fig. S2). However, the FT-IR spectra before and
after conjugation are quite similar and therefore drawing a
conclusion solely from this technique would not be possible.
1H-NMR was then carried out to further assess the formation
of imine bonds and evaluate if a change in the 1H-NMR spec-
trum can be observed. A singlet associated with the aldehyde
proton of VAN can be seen downfield at 9.80 ppm and is no
longer present after conjugation, providing strong evidence for
its transformation (Fig. S3). Focusing on the downfield region,
it is quite clear that a new broad singlet is observed at
8.10 ppm, associated with the proton of a newly-formed imine
bond between VAN and the CDs (Fig. 3a) A newly-formed mul-
tiplet spanning from 6.50–7.50 ppm can also be observed due
to the aromatic protons of VAN. It is important to note that the
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chemical shifts of these aromatic protons are also shifted
upfield in comparison to native VAN indicating formation of a
covalent bond. The broad nature of the singlet and multiplet
associated with the imine and aromatic protons, respectively,
is also important. Every primary amine on the surfaces of PH6-
CDs may exhibit different local chemical environments result-
ing in the formation of imine bonds, which are slightly chemi-
cally different and thus broad signals are observed rather than
the highly resolved aromatic protons of native VAN. It should

be noted that PH6-CDs do exhibit a very weak and broad
singlet at 8.1 ppm prior to conjugation due to the fact that
some imine content is already incorporated into the structure
of the CDs following their synthesis. A control spectrum of
only ball milled CDs (Fig. 3b) was also obtained to ensure that
the observed chemical shifts do not arise from a reaction only
involving CDs. A broad singlet at 8.10 ppm is observed with no
aromatic protons, similar to native PH6-CDs, indicating that
the CDs do not react with each other during ball milling. A

Fig. 2 Optical, chemical and physical properties of PH6-CDs. (a) Overlayed UV-Vis spectra of precursors and CDs. (b) Overlayed FL spectra of pre-
cursors and CDs. (c) Overlayed PXRD of the solid citric acid precursor and CDs. (d) FT-IR spectra of the precursors and CDs. (e) 1H-NMR spectra of
the precursors and CDs (300 MHz, MeOD).
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second control involving ball milling VAN was also carried out
and we note that no differences were observed relative to
native VAN (Fig. 3b).

XPS was also carried out to assess the elemental compo-
sition of CDs. Deconvolution of the XPS spectra would allow
for the direct observation in changes to surface functional
groups confirming the formation of imine bonds (Fig. 4). The
survey scan of PH6-CDs (Fig. 4a) shows that the surfaces are
mostly composed of carbon (67.8%), nitrogen (19.0%) and
oxygen (12.4%). These same elements are also present in
similar proportions (Fig. 4b) following drug loading due to
elemental similarities between PH6-CDs and VAN.

In order to observe differences between PH6-CDs and
VAN-CDs, high resolution scans of the three main elements (C,
N and O) were carried out. The deconvoluted high resolution C
1s spectrum of PH6-CDs shows two main binding energies at
around 285 and 287.5 eV respectively (Fig. 4c). These binding
energies can be associated with C–C/CvC and CvO bonds
found on the surface of the dots.62 Similar relative areas of
both these binding energies is also shown in the deconvoluted
high resolution C 1s spectrum of VAN-CDs (Fig. 4f), confirm-
ing that they do not play a role in the conjugation of VAN. The
deconvoluted high resolution N 1s spectrum of PH6-CDs
shows two main binding energies at around 398.5 and 399.5
eV respectively (Fig. 4d) and can be attributed to the presence
of NvC and N–C bonds on the surface.62,64 The relative areas
under these peaks are 38.9% and 61.1%, respectively.

Following conjugation with VAN (Fig. 4g), a notable shift in
these proportions is observed, with the relative areas changing
to 61.9% (NvC) and 38.1% (N–C). This inversion indicates a
transformation of amine (C–N) groups into imine (CvN)
groups as a result of mechanochemical conjugation with VAN.
The deconvoluted high resolution O 1s spectrum of PH6-CDs
shows two main binding energies at around 530.5 and 532 eV
owing to the presence of CvO bonds originating from amide
and carboxylic acid functional groups respectively.62 Once
again the relative area of both these binding energies are very
similar in the deconvoluted high resolution O 1s spectrum of
VAN-CDs (Fig. 4h) confirming that they do not play a role in
the conjugation of VAN and further highlighting that amine
groups are the only affected functional groups during the con-
jugation process.

To confirm that VAN was bonding to CDs as individual
molecules through imine bonds rather than electrostatically
associating to the surfaces as crystals PXRD was carried out. A
loss of crystallinity was observed as VAN is conjugated to the
CD surface (Fig. S4). This demonstrates that individual mole-
cules of VAN are taken apart from the bulk crystal during the
conjugation process facilitated by the mechanochemical reac-
tion between the aldehyde group of VAN and the amines on
the surfaces of PH6-CDs.

After fully characterizing VAN-CDs, the drug loading
capacity (DLC) was investigated. Quantitative NMR (qNMR)
analysis was carried out (Fig. 5a) as there is clear resolution

Fig. 3 1H-NMR carried out to determine formation of imine bonds (300 MHz, MeOD). (a) 1H-NMR of the downfield region (6.5–10 ppm), highlight-
ing the formation of imine bonds. (b) 1H-NMR of control samples.
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between protons arising from the conjugated drug and the
native CDs. qNMR is a well-established method for determin-
ing the DLC of different vehicles.65 The protons attributed to
VAN and TMS were integrated and a DLC of 5.02% was deter-
mined according to the following formulas.66,67

mdrug ¼ Sdrug
Sstd

� Nstd

Ndrug
�Mdrug

Mstd
�mstd ð1Þ

DLC ð%Þ ¼ mdrug

mdrugþCDs
� 100% ð2Þ

where mdrug is the mass of the drug (VAN), Sdrug is the signal
area of the drug, Sstd is the signal area of the standard (TMS),
Nstd is the number of resonating protons of the standard, Ndrug

is the number of resonating protons of the drug, Mdrug is the

molar mass of the drug, Mstd is the molar mass of the standard
and mstd is the mass of the standard.

Drug release experiments were conducted at 37 °C at
different pH to simulate naturally occurring cellular environ-
ments. Prior to carrying out the release studies, a standard
curve was generated according to the absorbance readings at a
λmax of 275 nm for different concentrations of VAN (Fig. S4).
The obtained calibration equation corresponds to a linear
trendline confirmed by an r2 value >0.99. Cumulative release
was observed at pH 5.0, 6.0 and 7.4 with an increasing trend
over a period of 24 hours until a plateau was eventually
reached (Fig. 5b). We observed that the successful loading and
release was indeed achieved. The release occurred over several
hours, which can be advantageous in terms of dose reduction
since a longer release period can allow for drug concentrations
to be within the therapeutic concentration range for a longer

Fig. 4 XPS of PH6-CDs and VAN-CDs. (a) Survey scan of PH6-CDs. (b) Survey scan of VAN-CDs. (c) Deconvoluted high resolution C 1s spectrum of
PH6-CDs. (d) Deconvoluted high resolution N 1s spectrum of PH6-CDs. (e) Deconvoluted high resolution O 1s spectrum of PH6-CDs. (f )
Deconvoluted high resolution C 1s spectrum of VAN-CDs. (g) Deconvoluted high resolution N 1s spectrum of VAN-CDs. (h) Deconvoluted high
resolution O 1s spectrum of VAN-CDs.
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period of time, reducing the frequency of administration.
Moreover, drug release from an imine covalent bond offers an
alternate covalent linkage in comparison to covalent amide
bonds which are commonly used and difficult to cleave under
physiological conditions. Effect of pH on drug release was also
investigated and showed no difference in release profile. Imine
bonds, known for their sensitivity to acidic environments are
highly influenced by their local chemical environment.68 CDs
as complex materials have many functional groups on their
surfaces, many of which are electron withdrawing, potentially
destabilizing local imine bonds and allowing for hydrolysis at
a neutral pH. Nonetheless, insensitivity to pH can be advan-
tageous for drug delivery applications such as wound healing
where pH fluctuations are common between healthy and
damaged/infected tissue.69 A drug delivery system whose
release profile does not change in relation to pH allows for
consistent and predictable release, leading to greater efficiency
in wound treatment. This finding confirms the aqueous clea-
vage of imine bonds.

Lastly, In Vitro studies were conducted to investigate if the
mechanochemical procedure induces any cytotoxicity (Fig. 5c).
Human A549 lung cancer cells were used as a model system due
to fast replication times, facile culture conditions and accessibil-
ity. Furthermore, VAN does not induce cytotoxicity in A549 cells
as opposed to other cell lines.70 This ensures that any observable
cytotoxicity stems solely from the mechanochemical surface
modification of PH6-CDs rather than from VAN itself. In all
cases, 50 µg CDs were administered, corresponding to the upper
limit of the most common dosage range (10–60 µg), ensuring
that a lack of toxicity is not due to minimal dosing.71,72 A
72 hours incubation time was used, corresponding to three cell
division cycles, again ensuring any adverse effects would be
observed beyond a single mitotic cycle. As expected, the meta-
bolic activity observed for all treatment conditions indicates neg-
ligible acute cytotoxicity. It is worth mentioning that treatment
with VAN-CDs did result in a small but statistically significant
decrease in metabolic activity to 91.8%. In-depth mechanistic
studies are required to elucidate the precise cause for this small

Fig. 5 Drug loading and release of VAN from PH6-CDs & cell viability assay. (a) qNMR (300 MHz, methanol-D4 0.03%TMS) to determine DLC. (b)
Investigation of drug release at pH 5.0, 6.0 & 7.4. Error bars are a direct representation of uncertainty in the data based upon triplicate experiments.
(c) Resazurin cell viability assay of PH6-CDs, VAN-CDs & VAN using A549 cells. Error bars are a direct representation of uncertainty in the data based
upon a sample size of n = 8 with each individual assay repeated in triplicate.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17, 28052–28062 | 28059

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/2
6/

20
26

 6
:5

4:
19

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr03355a


but significant difference in viability. Regardless, metabolic
activity is still well above the commonly accepted cytotoxicity
thresholds of 70%.73,74 As such we can conclude that the
mechanochemical conjugation process does not render the CDs
cytotoxic, verifying the viability of this new approach.

4. Conclusions

In conclusion, our findings have brought forward a novel
approach for functionalizing therapeutic agents onto the sur-
faces of hydrophilic CDs via a mechanochemically assisted
route. This approach can allow for the formation of new covalent
bonds without the need for expensive or toxic coupling agents,
furthermore, this approach circumvents solubility challenges,
which can be encountered during traditional solution-based
conjugation methods. Our approach also introduces a sustain-
able, solvent-free method that maintains many of the desirable
properties of CDs, such as low cytotoxicity and intrinsic fluo-
rescence, while enhancing their scope as nanocarriers. It also
shows that it is possible to have successful drug conjugation
through covalent imine bonds with a DLC of 5.02%. Given the
lack of dependence on pH, the delivery system can be advan-
tageous for applications in drug delivery such as wound healing.
The lack of cytotoxicity in A549 cells before and after mechano-
chemical conjugation confirms that our approach is safe and
effective in terms of development of a drug delivery vehicle.
Ultimately, our findings not only broaden the applicability of
CDs but also lay the groundwork for greener drug conjugation
strategies in nanomedicine, paving the way for the expanded use
of CD-based delivery systems across a wide range of therapeutic
agents. Future research could focus on optimizing the stability
of surface imine bonds by tailoring the types and ratios of CD
precursors to modify the surface chemistry. The goal would be
to render the formed imine bonds stable at a neutral pH and
labile in slightly acidic environments for controlled and targeted
drug release applications, enhancing the efficacy and versatility
of this delivery system.
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