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ABSTRACT: This Letter presents complex coacervation between the
biopolymer diethylaminoethyl dextran hydrochloride (DEAE-Dex) and
carbon dots. The formation of these coacervates was dependent on both
DEAE-Dex concentration and solution ionic strength. Fluorescence spec-
troscopy revealed that the blue fluorescence of the carbon dots was unaffected
by coacervation. Additionally, microrheological studies were conducted to
determine the viscosity of these coacervates. These complex coacervates,
formed through the interaction of nanoparticles and polyelectrolytes, hold a promising role for future applications where the
combination of optical properties from the carbon dots and encapsulation via coacervation can be leveraged.

In the domain of materials science, significant progress has
been made in the field of nanoscience and soft matter.

Researchers seek to explore new self-assembled architectures
based on polymers and nanoparticles to explore new
optoelectronic and biomedical applications.1,2 Complex
coacervation is an example of self-assembly between two
oppositely charged polymers, resulting in a unique associative
liquid−liquid phase separation that results in a polymer-rich
coacervate coexisting with a polymer-poor supernatant.3,4

Coacervation depends on the pH and ionic strength.5,6 The
impact of salt ions on coacervation arises from the critical
entopic reliance on the release of counterions. High salt
concentration decreases the entropic driving force that
facilitates complex formation, thereby destabilizing liquid−
liquid phase separation. Coacervates represent a fascinating
avenue of research with promising applications across multiple
fields like drug delivery and tissue engineering.7,8

Polymers can self-assemble with nanoparticles, forming
higher-order structures including solids such as nanocompo-
sites colloidal crystals, or nanopolymer composites with
multifunctional properties and applications,9−13 but it has
been less common to form liquid materials like coacervates. Yu
et al. explained the theoretical mechanism of how nanoparticles
could interact with polymers to form coacervates,14 though
they did not have supporting experimental results at that time.
Experimentally, work by Gaash et al., demonstrated the
potential for liquid−liquid phase separation involving pep-
tide-based coacervates in the presence of nanoparticle-like
carbon dots.15 Here, the use of carbon dots is particularly
intriguing because of their tunable size and surface
chemistry,16−18 as well as their ability to support coacerva-
tion.19−29

Carbon dots are a unique type of nanoparticle due to their
low toxicity, high photoluminescence, good biodegradability,
and water solubility.19−27 Carbon dots can be derived from
biological sources and do not require the use of toxic solvents

and chemicals.30−35 Furthermore, this biocompatibility can be
leveraged alongside their intrinsic fluorescence to allow for
biosensing applications.15,34−37 The surfaces of carbon dots
can be easily functionalized and have a large surface area,
providing active sites for enhanced electrochemical activity.36

For instance, Chen et al., showed that carbon dots can increase
the conductivity of hybrid materials.37 Additionally, integrating
carbon dots into coacervate structures has the potential to
improve previously designed energy storage solutions.38 A
coacervate matrix could also prevent carbon dots from
aggregation, thereby eliminating the common problem of
nanoparticle quenching and ensuring that the optical and
functional properties of the carbon dots are preserved.28,29

Combining carbon dots with coacervates also has the potential
to facilitate responsive fluorescent materials that can be
prepared entirely in an aqueous milieu while also leveraging
the ability for coacervates to encapsulate drugs or other
molecules,14,15,39−43 including proteins or other biomolecules
that denature in organic solvents. This combination of features
could allow for tandem therapeutic delivery with nanoparticles
for imaging for theranostic approaches,28,44 as well as improved
therapeutic effectiveness and reduced side effects.30−38

To date, studies looking into complex coacervation between
carbon dots and polyelectrolytes are still in the early
stages,28,29,44 with only a single system having been described
( i . e . , c a r b o n d o t s i n c om p l e x w i t h p o l y -
(diallyldimethylammonium), PDADMA). The biocompatible
and biobased aspects of carbon dots can be further leveraged in
materials via complexation with biopolymers. In this work, we
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have explored the complex coacervation between the cationic
biopolymer diethylaminoethyl dextran hydrochloride (DEAE-
Dex) and anionic carbon dots. This coacervation can be tuned
in response to physiochemical parameters, enabling stimuli-
responsiveness and tunability at a range of conditions that is
relevant to physiological conditions.45,46 Furthermore, while
previous studies focused on dispersions of coacervate nano-
droplets which are useful for delivery28,44 and as nano-
reactors,29 our efforts look to characterize the coacervate
material itself, including its rheological properties. This work
represents a new aspect of complex coacervation involving a
biopolymer and nanoparticles, and potentially paves the way
for novel research avenues in future applications.
Materials: Diethylaminoethyl dextran hydrochloride

(DEAE-Dex) was purchased from Sigma-Aldrich as a solid
powder. Urea (Mw = 60.06 g/mol), citric acid monohydrate
(Mw = 210.14 g/mol), sodium chloride (NaCl), hydrochloric
acid (HCl), sodium hydroxide (NaOH) and carboxylate-
modified microspheres (Red FluoSpheres, 500 nm) were all
purchased from Thermo Fisher Scientific. Deionized water was
obtained from a Milli-Q water purification system (Millipore
Sigma Advantage A10) at a resistivity of 18.2 MΩ.
Stock solutions: A stock solution of DEAE-Dex was

prepared gravimetrically (pH = 3.8) at a concentration of 2%
(w/v) by mixing in Milli-Q water at 25 °C with continuous
stirring for 12 h. Urea and citric acid stock solutions were
similarly prepared at 800 mM and 250 mM concentrations
(pH = 4). NaCl stock solution was prepared at 2 M. 1 M HCl
and 1 M NaOH stock solutions were used to adjust pH
whenever necessary. The carbon dot stock solution was
prepared at 0.6% (w/v).
Synthesis of carbon dots: The carbon dots were synthesized

using a method similar to literature reports.47 The stock
solutions of urea and citric acid were mixed in a 3:1 molar ratio
with a total volume of 20 mL and placed in a 50 mL
polytetrafluoroethylene-lined hydrothermal vessel, which was
then placed in an oven (Oakton) at 180 °C for 4 h. After 4 h,
the vial was allowed to cool down to room temperature in air.
Then, the mixture was transferred to a 1 kDa cutoff dialysis bag
(Spectrum Laboratories) and placed in a 1 L Milli-Q water
bath for purification. The dialysis was conducted for a total
duration of 24 h, with the water changed every 4 h. The carbon
dot suspension obtained after purification was freeze-dried
(Labconco FreeZone 2.5 Plus) into a powder, which was later
dissolved to make stock solutions.
Preparation of carbon dot coacervates: All coacervate

samples were prepared by sequentially adding Milli-Q water,
followed by salt (if necessary), carbon dots, and then DEAE-
Dex, with thorough mixing between each addition. For
stoichiometry experiments, the relative amounts of DEAE-
Dex and carbon dot were varied to identify the ratio at which
maximum turbidity occurred. This involved adding increasing
amounts of DEAE-Dex while maintaining a constant amount
of carbon dots in the samples. In our stoichiometry
experiments, we define the DEAE-Dex weight fraction as
following:

DEAE Dex wt. fraction
DEAE Dex

DEAE Dex carbon dot
= [ ]

[ ] + [ ]
The composition where maximum turbidity was observed was
taken to be the optimum condition for coacervate formation
and was used in all subsequent experiments. Samples at the
optimum composition were then prepared with increasing

concentration of NaCl to identify the salt resistance, or the
point at which phase separation was no longer observed. This
transition was determined using a combination of turbidity and
optical microscopy.
Turbidimetry: Turbidity was used to estimate the extent of

phase separation as a function of charge stoichiometry and salt
concentration. Turbidity tests were conducted using a
microplate reader (BioTek Synergy H1). Turbidity was
measured at 562 nm and 25 °C and subtracted from the
baseline with water. Samples for turbidity measurements (i.e.,
stoichiometry and salt resistance experiments) were prepared
at a 120 μL scale and pipetted in triplicate into a 384-well plate
(Fisher) immediately after sample preparation. Triplicate
measurements were made for each sample, and all experiments
were repeated three times. Turbidity data are graphed as the
average of these replicates. Error bars represent the calculated
standard deviation.
Transmission electron microscopy (TEM): The carbon dots

samples for TEM were prepared in water at 0.02% (w/v) and
sonicated in a bath sonicator (BRANSONIC CPX2800H) for
3 h. Then, the sample was drop-cast onto a carbon-coated
copper grid (Ted Pella Inc.) for TEM imaging. The particle
size distribution was determined using a JEOL-JEM-2200FS
Energy Filtered Transmission Electron Microscope (JEOL
USA), and elemental composition in the sample was
determined using an Oxford X-MAX 80 mm2 Energy-
dispersive X-ray spectrometer (EDS). The size of particles
observed via TEM was determined using ImageJ48−50 using 41
particles.
Zeta potential: A Malvern Zetasizer ZSP was used to

perform zeta potential measurements. Each measurement
included 11 scans and all measurements were repeated three
times. The coacervate samples for zeta potential measurements
were prepared at a 100-fold dilution compared to the samples
used in the stoichiometry experiments.
UV−vis spectroscopy: A SpectraMax iD3 microplate reader

from Molecular Devices was used for UV−vis and fluorescence
spectroscopy measurements. A 96-well black plate from
Corning Costar was used.
Optical and fluorescence microscopy: Visual inspection of

coacervates was performed in brightfield and fluorescence
mode using a Zeiss Axio Observer Z1 inverted fluorescence
microscope with an Orca R2 camera and a 20× objective.
Imaging was performed immediately after the turbidity
measurement on the same samples in the well plate. For
fluorescence imaging, a DAPI filter was used. The fluorescence
microscopy was done at a 10-fold dilution compared to the
samples used in the stoichiometry experiments.
Microrheology: Microrheology was performed via fluores-

cence microscopy using samples prepared on glass slides
sandwiched with a coverslip (1.0 cm × 0.5 cm) using double
sided tape. A 120 μL sample was prepared at the condition
where maximum turbidity was observed in the stoichiometry
experiment. More specifically, the sample was prepared at a
0.33 DEAE-Dex weight fraction (i.e., a final concentration of
0.003% (w/v) DEAE-Dex and 0.006% (w/v) carbon dot). A
120 μL sample was prepared initially in a 1 mL microcentrifuge
tube, vortexed, and then split into three separate aliquots of 40
μL each. Fluorescent microspheres (2.16 × 10−5 % (w/v))
were then added to the sample and vortexed so that the
microspheres were encapsulated inside the coacervate droplets.
No centrifugation was performed to avoid the precipitation of
the beads. 30 μL of the sample was then pipetted into an
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imaging chamber created by sandwiching a glass slide and a
coverslip. The chamber was sealed with Loctite epoxy to avoid
leakage of the sample. The sample was allowed to equilibrate
for 1 h to allow the coacervate droplets to coalesce. Finally, the
motion of the fluorescent beads was recorded using a DsRed
filter at 5 frames per second (fps) using a 40× objective with a
50 ms exposure time. The resulting images were then analyzed
to obtain the mean-squared displacement (MSD) as a function
of lag time. Data analysis was performed in MATLAB. For
more information see the Supporting Information.
In this study, our primary objective was to investigate the

complex coacervation between carbon dots and the cationic
biopolymer DEAE-Dex. Anionic carbon dots were synthesized
using the hydrothermal method with urea and citric acid as the
starting materials.51,52 Before studying coacervation, we first
characterized the resulting carbon dots,53,54 including their
optical and morphological properties.
Figure 1a shows the UV−visible spectrum of carbon dots

with an excitation absorption edge wavelength around 350 nm.
The fluorescence spectrum exhibited a prominent emission
peak at 450 nm (Figure 1b), when excited around 370 nm, as
expected for carbon dots.55 The emission properties of the
carbon dots were found to be dependent on excitation
wavelength, with a red-shifted emission peak observed as
excitation varied from 330 to 450 nm. This phenomenon is
characteristic of carbon nanoparticles derived from natural
sources and is attributed to the presence of different emissive
sites on the carbon dot surfaces.51 Upon irradiation at 330 to
450 nm, we observed the emission of a strong blue light from
the light-green carbon dot aqueous solution (Figure 1c,d).
To characterize the size of our carbon dots, we performed

transmission electron microscopy (TEM). Figure 2a shows a
TEM micrograph of the as-synthesized carbon dots, high-
lighting their various sizes and shapes. High-resolution imaging
allows for visualization of the characteristic d-spacing of
approximately 1.9 Å, which is close to the reported d-spacing
for the 100 facet of graphitic carbon.52,56 Analysis of particle
size revealed an average diameter of 8.94 ± 0.13 nm, consistent
with a Gaussian distribution model (Figure 2b). Our findings
agree well with previous literature reports of carbon dots
dispersed in water.53,57,58

Complex coacervation between DEAE dextran and carbon
dots: Prior reports have reported a negative zeta potential for
similar types of carbon dots.59−61 As complex coacervation
involves electrostatic associations between oppositely charged
macro-ions, this is an important consideration. Our measure-
ments indicated a zeta potential of −52 mV at pH 4,
confirming that our carbon dots could be used as the macro-
anion for complex formation with a cationic polymer.

Figure 1. (a) UV absorbance spectrum for a suspension of carbon dots in water. (b) Fluorescence emission spectra of carbon dots at different
excitation wavelengths. Photograph of a suspension of carbon dots in water alongside a vial of water, and the carbon dot solution painted onto
paper in (c) normal light and (d) when exposed to UV light.

Figure 2. (a) TEM image of carbon dots. The inset shows the
interplanar spacing within the carbon dot and (b) the corresponding
size histogram for the observed nanoparticles fitted by a Gaussian
y y eA

wC
B x x w

0
( ( ) / )c

2 2
= + (where y0 is the baseline of the Gaussian

curve, A is an area under the Gaussian curve, B is a constant that
determines the peak shape, xc is the peak center, w is full width at half-
maximum (fwhm), the exponential term shows the shape of Gaussian
curve, and C is a normalization factor to relate A to the area under the
curve).
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To explore the potential for complex coacervation, we
combined our anionic carbon dots with the cationic
biopolymer DEAE-Dex at pH 4. This acidic solution condition
was chosen because it allowed for the amine groups in DEAE-
Dex to be fully protonated62 while also interacting with the
negatively charged carbon dots. We used turbidity to examine
the effect of the relative amount of DEAE-Dex and the carbon
dot on coacervate formation. We observed a maximum in the
turbidity signal at a DEAE-Dex weight fraction of 0.33 (Figure
3a). The formation of liquid droplets was also clearly evident
via microscopy (Figure 3a, inset).

For polymer−polymer coacervates, maximum complexation
typically corresponds to conditions of charge neutrality.
However, it is difficult to assess the number and concentration
of ionizable groups on both the carbon dots and the DEAE-
Dex, given their poorly defined structures. Thus, we instead
chose to use zeta potential to quantify the charge state of our
coacervates. As seen in Figure 3b, as the DEAE-Dex weight
fraction increased from 0.00 to 0.02 the overall zeta potential
of the mixture approached 0 mV and remained close to 0 mV
across a range of compositions centered around a DEAE-Dex
weight fraction of 0.33, indicating charge neutralization.
Further increases in DEAE-Dex weight fraction led to an
excess of positive charge in the mixture. These results are

consistent with our observations of turbidity and suggest a
correlation between maximum coacervate formation and
charge neutrality for this system.
We further examined the effect of salt on coacervation at the

optimal weight fraction of 0.33. Figure 3c shows a plot of
turbidity as a function of added NaCl concentration.
Coacervation was observed in the presence of low concen-
trations of salt (<25 mM), but further increases in salt
decreased the turbidity signal to the point where phase
separation was no longer observed via microscopy (Figure 3c,
inset). Thus, we identified 25 mM NaCl as the salt resistance.
This value of the salt resistance is very low compared to other
DEAE-Dex-based coacervates. For example, the salt resistance
of DEAE-Dex and DNA was reported to be 0.9 M,63 while
coacervation between DEAE-Dex and pectin has a reported
salt resistance 150 mM.64 These studies suggest a stronger
binding interaction between the various polymer−polymer
systems compared to polymer-carbon dots. This difference
could be a result of potentially fewer charges on the carbon
dots and/or a higher solubility of the carbon dots as compared
with the other polymers.
Similarly, the salt resistance for our system was low

compared to that for carbon dot coacervates made with
poly(diallyldimethylammonium) (PDADMA), which had a
reported salt resistance around 400 mM NaCl.28 Here, the
difference in stability could be a consequence of the lower
charge density of the DEAE-Dex, including the potential for
incomplete ionization of the tertiary amines, the hydro-
phobicity of the PDADMA and/or the presence of other
interactions with the surface. These results highlight the need
for more studies to elucidate not only the role of charged
groups, but also the ways in which other features of the
polymer might interact with the carbon dot surface. This
knowledge would allow for the design of materials that can
respond to very subtle changes in the environment, particularly
in the range of physiological conditions for delivery and
theranostic applications.
After successfully characterizing coacervate formation and

stability, we next studied the fluorescence of the coacervates.
We examined the fluorescence spectra of the coacervate,
supernatant, and carbon dot solution (Figure 4a). The
fluorescence spectrum of the coacervates showed strong
intensity compared to the supernatant and the original carbon
dot solution. This result confirmed that a significant fraction of
the carbon dots participate in coacervate formation. We would
note that no shift in the fluorescence was observed upon
coacervate formation. Thus, it would seem as though the
electrostatic complexation did not affect the electronic states of
the carbon dots.65,66 The bright emission of the coacervates
can also be clearly seen in the images in Figure 4b, both with
the fluorescent blue droplets and with the brightly glowing
dense coacervate phase in the microcentrifuge tube.
The presence of strong fluorescence in our coacervates was

particularly exciting as previous reports have described strong
quenching due to aggregation when mixed into a polymer
medium.67,68 Indeed, a previous report by Gaash et al., saw
decreases in fluorescence intensity over time when carbon dots
were encapsulated into a peptide-based condensate that forms
via cation-pi interactions.15 We hypothesize that the charge-
driven assembly of coacervates via direct electrostatic
interactions with the carbon dots likely helps to mitigate
aggregation of particles. Our observations are also consistent

Figure 3. (a) Turbidity as a function of the weight fraction of DEAE-
Dex. The inset micrograph shows the formation of liquid droplets. (b)
Zeta potential for complex coacervates of DEAE-Dex and carbon dots
as a function of increasing weight fraction of DEAE-Dex. (c)
Turbidity as a function of increasing NaCl concentration for samples
containing a 0.33 weight fraction of DEAE-Dex. The inset
micrographs are shown for three different salt concentrations,
highlighting the loss of phase separation with increasing salt.
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with results using PDADMA which showed no loss of
fluorescence intensity over the course of a week.28

Material properties: Lastly, we investigated the micro-
rheological properties of carbon dot-based coacervates using
particle tracking microrheology. We tracked the mean squared
displacement (MSD) of fluorescent beads embedded in the
coacervate as a function of lag time (Figure S1). In Figure 5,
brightfield optical micrographs (Figure 5a), fluorescence
micrographs (Figure 5b), and merged images (Figure 5c)
show how the samples were visualized and the movement of
beads (see inset, Figure 5d).

Figure 5d shows the expected power-law dependence of
mean MSD ∝ (lag time)α, where α is the power-law exponent,
the value of which provides insight into the viscous or
viscoelastic properties of the material (see SI for more
details).69−71 Our data analysis revealed a power-law exponent
of α = 0.94 ± 0.03, indicating that the motion within the
coacervates was slightly subdiffusive or very close to the
diffusive. Further, a plot of G′ and G″ vs frequency (Figure
S2a) shows the dominance of the viscous behavior of
coacervates in the accessible frequency range, as is typical for
many coacervate systems.69,72 Additionally, the motion of the
beads in the coacervate exhibited a Gaussian probability
distribution (Figure 5e), suggesting that the particles are
experiencing a homogeneous medium relative to the length
scale of the particles. The viscosity of the coacervate was
shown as a function of frequency (ω) (Figure S2b). The
overall viscosity of coacervate was found to be to be 0.93 ±
0.20 Pa·s, which is roughly 1000 times higher than water and is
comparable to other coacervate systems.69,73−76

Here, we report the complex coacervation of anionic, blue
fluorescent carbon dots with the cationic biopolymer DEAE-
Dex. The complex coacervate phase maintains the blue
fluorescence of the carbon dots without apparent quenching
due to particle aggregation. While the stability of these carbon
dot coacervates against dissolution by salt was relatively low
(∼25 mM), a comparison of our results with previous
reports28 suggests that this could be a consequence of
relatively low charge density and high solubility of both of
our coacervating species, and that the salt stability could be
tuned based on the characteristics of the complexing polymer.
However, despite these relatively weak interactions, micro-
rheology characterization showed the viscosity of these
coacervates to be similar to other coacervate materials, and
approximately 1000 times higher than water.

Figure 4. (a) Fluorescence emission spectra for coacervate,
supernatant, and a carbon dot solution excited at 370 nm. (b)
Brightfield and fluorescent micrographs for DEAE-Dex-carbon dot
coacervates, along with a photograph of a microcentrifuge tube
containing sedimented, fluorescent coacervates and a weakly emissive
supernatant.

Figure 5. (a) Brightfield optical micrograph, and the corresponding (b) fluorescence micrograph. (c) The merged image demonstrates the
incorporation of fluorescent beads into the coacervate. (d) Mean of mean squared displacement (MSD) vs lag time for bead trajectories in
coacervates. The dotted line shows the power-law fit. Inset shows an example trace of bead motion in the coacervate. (e) Probability distribution of
displacement with time.
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To date, the small number of reports describing complex
coacervation involving carbon dots has been largely limited to
applications involving nanodroplet dispersions.28,29,44 Here, we
have characterized a coacervate system that leverages the
biopolymer DEAE-Dex, including the rheological aspects of
the coacervate. This characterization suggests that carbon dot
coacervates could be processed in much the same way as
polymer-based coacervates. In addition to the previous
demonstrations of carbon dot coacervate dispersions in various
bioimaging, theranostic, and catalytic applications,28,29,44 we
propose that carbon dot coacervates could also be used as bulk
materials in nonwovens,77,78 membranes for separations,79 or
other coatings80,81 where their light-emitting and/or catalytic
properties could be leveraged to enhance device performance.
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