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ABSTRACT: Many applications using gold nanoparticles
(AuNPs) require (i) their functionalization with a biopolymer to
increase their stability and (ii) their transformation into an easy-to-
handle material, which provide them with specific properties. In
this research, a portable tablet platform is presented based on
dextran-encapsulated gold nanoparticles (AuNPs-dTab) by a
ligand exchange reaction between citrate-capped gold nano-
particles (AuNPs-Cit) and dextran. These newly fabricated tablets
were characterized utilizing ultraviolet−visible spectroscopy (UV−
vis), Fourier transform infrared spectroscopy−attenuated total
reflectance (FTIR−ATR), transmission electron microscopy (TEM), dynamic light scattering (DLS), X-ray diffraction spectroscopy
(XRD), differential scanning calorimetry (DSC), and atomic force microscopy (AFM) techniques. The results showed that dextran-
capped gold nanoparticles in a tablet platform (AuNPs-dTab) were well-dispersed and highly stable for at least a year at room
temperature. In addition to particle and surface characterization of AuNPs-dTab, the tablet morphology in terms of thickness,
diameter, density, and opacity was also measured using 6 and 10% dextran with 2, 4 and 8 nM AuNPs-Cit. We further investigated
the pH-responsive behavior of AuNPs-dTab in the presence and absence of sodium chloride. Results showed that neutral and
alkaline environments were suitable to render AuNPs dispersed in a tablet, while an acidic condition controls the aggregation rate of
AuNPs as confirmed by concentration-dependent aggregation phenomena. Besides the easy fabrication, these tablets were portable
and low-cost (approx. 1.22 CAD per 100 tablets of a 100 μL solution of dextran-capped gold nanoparticles (AuNPs-dSol)). The
biocompatible nature of dextran along with the acidic medium trigger nature of AuNPs makes our proposed tablet a potential
candidate for cancer therapy due to the acidic surrounding of tumor tissues as compared to normal cells. Also, our proposed tablet
approach paves the way for the fabrication of portable and easy-to-use optical sensors based on the AuNPs embedded in a natural
polymeric architecture that would serve as a colorimetric recognition indicator for detecting analytes of interest.

■ INTRODUCTION

Gold nanoparticles (AuNPs) have diverse applications in the
area of heterogeneous catalysis,1 food sciences,2 biomedical
engineering,3−5 drug delivery,6,7 biosensing8−11 bioimaging,12

and many more. These nanoparticles have shown remarkable
chemical, biological, optical, thermal, and electronic character-
istics. Several chemical, biological, and physical approaches
have been reported for the synthesis of these nanometallic
particles under mild conditions.13−15 Their ease of preparation,
variable surface chemistry, and nano size variation make
AuNPs suitable candidates for a range of applications such as
food packaging, water purification, batteries, nanoceramics, and
electronics.16−19 One of the aspects is the surface plasmon
resonance phenomenon, which is a fundamental principle of
many colorimetric sensing applications. This unique feature
can be tuned sharply based on the surrounding functionality
and stabilization forces around nanogold as well as their
interparticle distance and morphology. Usually, citrate-capped
gold nanoparticles are electrostatically stabilized and are very

sensitive to ionic strength. Alternatively, if particles are
sterically stable instead of electrostatic forces, e.g., in the case
of polymer bound gold nanoparticles, these particles are less
prone to aggregation and offer extra stability in high salt
concentrations.20 That is why these particles have been
engineered with different capping agents depending upon the
required properties according to the target of interest.
In connection with this, extensive research has been

conducted over many decades to investigate the potential
applications of AuNPs. Various studies have been performed to
explore the colorimetric role of AuNPs in the detection of
toxins in food,21 in hazardous substances in the environment,22
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as well as in forensics and diverse biomedical applications. For
example, aptamer wrapped AuNPs have been reported for the
detection of T2-toxin in wheat and corn,23 aflatoxins in
milk,24,25 and antibiotics in many food and environmental
samples.26 Recently, Zha et al. reported a dual-modal
immunosensor based on biotin-labeled IgG-modified AuNPs
for the detection of chloroacetamide herbicides.27 Also,
sodium malonate capped AuNPs were reported for the
detection of barium ions in gunshot residues as a potential
application in forensic sciences.28

AuNPs are also famous due to their distinct position in
disease diagnostics and nanomedicine due to their compati-
bility with biomolecules.29,30 Under controlled conditions,
these nanoparticles are well-dispersed, stable in media, and red
in color. However, a fluctuation in temperature and pH
dramatically changes the electrostatic stabilization of gold
nanoparticles and favors the aggregation of particles corre-
sponding to a blue color. That is why their thermoresponsive
and pH-responsive behavior is important to mention whenever
their role in sensing and biomedical applications is
investigated.31 Most of the chemical linkages are sensitive to
an acidic environment such as the hydrolysis of acetal, ketal,
ester, amide, imine, hydrazone, and oxime.32,33 Gold nano-
particles as drug-loaded acid-degradable nanocarriers can be
administered to the body through intravenous injection, and
hence, this acid-induced degradation is important in living
systems because it allows the release of encapsulated
therapeutics in a controlled/enhanced fashion.33 In this
connection, dextran-stabilized AuNPs are of particular interest
because these particles utilize the functional properties of both
entities to maximize their benefits.
Dextran is a natural biocompatible and biodegradable

homopolysaccharide of glucose that has historical significance
in pharmaceutical and medical applications.34 This polymer
also has a strong ability to surround AuNPs due to the −OH
and −COR groups in its chains that stabilize nanoparticles

through steric as well as electrostatic forces.20 These hydroxyl
groups in polymeric chain have been oxidized to carbonyl
functionality when dextran is primarily used as a reducing
agent during the synthesis of AuNPs. Utilizing this concept,
Wang et al. reported the colorimetric detection of dihydrala-
zine sulfate in uric samples based on hydrazone chemistry
between the aldehydic group of dextran and the hydrazine
moiety of the analyte.35 In another report, Davidovic ́ et al.
detected cysteine colorimetrically by replacing dextran from
the nanoparticle as the thiol group interacts more strongly with
metallic particles compared to ketone and aldehyde groups of
dextran.36 On the other hand, when dextran is used exclusively
as a surface coating material around AuNPs, it may require
harsh reaction conditions to break its polymeric steric
stabilization. It is important to point out that the long-term
stability is a prerequisite for any application of colloids.
Due to these outstanding characteristics, various formats of

dextran-encapsulated AuNPs have been developed including
colloidal solutions, gold nanocomposites/hydrogels37 as well as
powder38 with applications in drug delivery,29 cell imaging,39

wound healing,40 and microbial susceptibility.41 Nonetheless,
dextran-capped AuNP solutions gradually aggregate to form
bigger particles due to the sedimentation phenomenon of
AuNPs in colloidal systems after some time. On the other
hand, the storage and transportation of AuNP solutions are not
always convenient. In fact, it was observed that several samples
of the synthesized dextran functionalized AuNP solutions
stored at normal conditions were randomly attacked by
fungi.38 In the case of powdered/gel samples, there is a
serious issue of quantitative measurement of AuNPs-dSol
powder/gels for a specific test every time, and hence, these
samples are not suitable for direct applications and require
extensive calibration procedures.
Keeping these issues in mind and in addition to our ongoing

efforts to fabricate portable sensors for environmental
monitoring and provide easy-to-use platforms,42−44 we have

Figure 1. Representation of AuNPs-dTab formation stepwise. In step 1, citrate-capped gold nanoparticles (AuNPs-Cit) were synthesized by boiling
chloroauric acid with sodium citrate for 30 min. In step 2, dextran powder was added to the cooled solution of AuNPs-Cit, mixed well using a
vortex to get a homogenized dextran-capped gold nanoparticle (AuNPs-dSol) solution, and stored in a fridge. In step 3, AuNPs-dTabs were casted
by a pipetting technique followed by air drying for 24 h at room temperature and finally stored in airtight plastic vials. The tablets were portable and
low-cost (approx. 1.22 CAD per 100 tablets of 100 μL).
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developed a dextran-based AuNPs tablet (AuNPs-dTab) as a
simple and ultrastable platform for multipurpose applications.
These tablets can be prepared in different concentrations of
colloidal gold with a variable amount of dextran; hence, a
premeasured and calibrated/optimized amount of dextran-
capped AuNPs can be stored in the form of solid tablets. These
preloaded tablets with the right mass of reagent will lower the
user interventions and eliminate the need for a weighing
balance, pipettes, and other equipment. Our approach is an
easy substitute of the solution phase of AuNPs-dSol without
compromising the stability and efficiency of nanoparticles.
The tablets were obtained in three easy steps without

involving any laborious workup as mentioned in Figure 1. In
this study, after optimization of the fabrication technique with
various concentrations of dextran, we spectroscopically
characterized the tablets using UV−vis, FTIR, DLS, TEM,
XRD, DSC, and AFM techniques. Next, we demonstrated the
outstanding stability of AuNPs-dTab under ambient conditions
as well as at high salt concentrations. These tablets showed pH
tolerance in the alkaline condition, while the tablets were
highly responsive at a lower pH as the aggregation of nanogold
in acidic pH range is an important feature of colorimetric
sensors. Being oxygen impermeable, these tablets are highly
stable against oxidative stress in addition to their thermal
stability. Our proposed fabricated AuNPs-dTabs are stable for
9 months and even longer as no stability issue is recorded till
the preparation of this manuscript. The morphology of these
tablets was also analyzed in terms of thickness, diameter,
density, and opacity. In short, this simple, easy-to-store, and
easy-to-carry tablet opens new avenues in biosensing and
biotechnology research due to being user-friendly and low-
cost.

■ RESULTS AND DISCUSSION

We prepared the dextran-encapsulated gold nanoparticles-
based tablets (AuNPs-dTabs) by mixing the colloidal

suspension of citrate-stabilized AuNP with dextran powder.
These tablets were fully characterized by UV−vis, FTIR, TEM,
DLS, XRD, DSC, and AFM techniques. Their pH-responsive
behavior toward neutral, acidic, and basic environments was
investigated to show the effect of a range of pH values toward
the stabilization of AuNPs. Moreover, the AuNPs-dTab
morphology has been explained in terms of its diameter,
thickness, opacity, and density.
AuNPs-Cit were achieved by conventional Turkevich

protocols using a direct method where the bottom-up
approach is followed to reduce the Au+3 ions with a reducing
agent as mentioned in Figure 2A. In this method, nontoxic
citrate ions electrostatically stabilize spherical gold colloids.
Different Au+3 complexes with citrates are exhibited in a
solution at a given time.45 In a typical direct procedure, a
solution of sodium citrate is added to a refluxed and stirred
solution of hydrogen tetrachloroaurate at a fixed ratio. Here,
citrate acts as a surfactant as well as reducing agent, and the pH
of the reaction solution gradually changes from acidic to
neutral. The color of the gold colloidal suspension depends on
the size and shape of AuNPs, which will affect the wavelength
of light that is scattered and absorbed; thus, the evolution of
color with time is a qualitative measure of the rate of particle
formation.45 This approach is considerably reproducible as
Kettemann et al. have presented monodispersed particles with
a reproducibility of ±0.1 nm.45

In a simplified bioconjugation procedure, AuNPs-Cit were
turned into AuNPs-dSol by a ligand exchange reaction under
mild reaction conditions. The proposed chemical structure of
AuNPs embedded in a dextran matrix is presented in Figure
2B. Dextran, being a strong ligand as compared to citrate ions,
can easily surround gold nanoparticles without any adjustment
of solution pH and hence acts as an efficient capping agent as
shown in Figure 2C. However, the direct one-pot synthesis of
AuNPs-dSol is time consuming and requires harsh reaction
conditions such as an extremely basic pH (12) and a prolonged

Figure 2. Chemical outline of the synthesized gold nanoparticles. (A) Stepwise chemical reactions involved in Turkevich protocols for the synthesis
of AuNPs-Cit that are electrostatically stabilized as shown by the charged red circle in the right corner. (B) Proposed structural representation of
AuNPs-dSol where nanoparticles are embedded in the dextran biopolymer. (C) Electrosteric stabilization of dextran around nanoparticles in
AuNPs-dSol.
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reaction time of 12 h.6 Similarly, Tang et al. reported the
hydroxide-assisted synthesis of AuNPs-dSol utilizing a 1 M
sodium hydroxide solution that is strongly basic.46 It is also
well-known that, upon variation of pH, the hydrophilic−
hydrophobic balance of some polymers can be disturbed by the
change in the ionization state of the weak acid or base groups.
In this context, special attention has been given to explore the
pH-responsive behavior of AuNPs-dTab.
Optimization of the Dextran Concentration. The

easiest approach to coat plasmonic AuNPs with dextran is to
homogeneously mix the dextran powder with the appropriate
volume of colloidal citrated-capped AuNPs. Over time,
dextran, being a strong stabilizing and capping agent, removes
the citrate ligands around AuNPs by a ligand exchange reaction
and surrounds the nanoparticles very tightly. For this purpose,
the concentration of the polysaccharide solution in weight by
volume was used to cast the tablets where 10% (w/v) dextran
in AuNPs solution (AuNPs-dSol) was prepared as a stock that
was subsequently used in the preparation of dilution series
ranging from 1 to 9%. From this study, it was found that 6%
(w/v) AuNPs-dTab was the optimum concentration that
maintained all the nanoparticles in the fully dispersed stage as
shown in Figure 3A. So, this concentration was selected for
further investigations as a lower amount of dextran in 1−3%
(w/v) solution was not sufficient to stabilize AuNPs till 24 h.
That is why blue tablets were formed that showed the
aggregated phase of AuNPs and guided us to enhance the
stabilizing agent. AuNPs-dTabs from 4 and 5% solution were
dark purple and purple red, respectively, which indicated the
need for a little more dextran to completely stabilize the
AuNPs as shown in Figure 3B. Finally, the 6% AuNPs-dSol
solution produced red tablets in which AuNPs remained
completely dispersed and stable for an extended period of time

(see section Stability and Storage of AuNPs-dTabs) because, in
general, polysaccharides such as dextran, chitosan, hyaluronan,
and alginate with oxygen-rich structures in hydroxyl and ether
groups lead to tight binding to nanoparticles via a steric and
electrostatic interaction.38 Results from 7−10% AuNPs-dTabs
were similar to 6%; however, a higher concentration of dextran
was avoided to enable breaking the stabilization under mild
conditions.
AuNPs-dTab was characterized using spectroscopic and

microscopic techniques as well as DLS measurements, and the
results were compared with AuNPs-Cit and AuNPs-dSol
solution whenever required. In the case of optical analysis
under UV−vis, maximum absorption spectra appeared at 520
nm as mentioned in Figure 3C, where the inset displays an
image of deep red suspensions of AuNPs-Cit and AuNPs-dSol
solution along with AuNPs-dTab. The surface plasmon
resonance (SPR) band is produced through collective
oscillations of free conduction electrons of AuNPs. Essentially,
the extinction spectra of all three nanomaterial samples were
the same. The maximum absorption band appeared at a
wavelength of 520 nm for all three samples, which is a
characteristic of 13 nm AuNPs. The concentration of the
AuNP-dSol colloidal solution was 8.1 nmol L−1 by means of
Lambert−Beer’s law, wherein the value of ε used was 2.7 × 108

L mol−1 cm−1.42 This result demonstrated that the particles
were fully dispersed, and their size was almost in the same
range with AuNPs-Cit and AuNPs-dSol without any
contamination as a change in size or dispersibility would
change the place of the absorption maxima.47 It is a proven fact
that by increasing the particle size of nanogold, the absorption
maxima move toward a higher wavelength, resulting in a
bathochromic (red) shift. Moreover, the peak intensity of all
samples was similar, showing that the encapsulation of gold

Figure 3. A pictorial and spectroscopic characterization of AuNPs-dTab. (A) Screening at A520/650 of different concentrations (1−10% (w/v)) of
AuNPs-dTab dissolved in 200 μL of water using a UV−vis spectrophotometer. (B) Different concentrations of AuNPs-dTab (1−6% (w/v)). (C)
UV−vis spectra of AuNPs-dTab, AuNPs-dSol, and AuNPs-Cit. (D) FTIR spectra of pure dextran, AuNPs-dTab, AuNPs-dSol, and AuNPs-Cit.
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nanoparticles in the form of a tablet did not interfere with the
performance of the particles, and these particles were equally
effective and stable as in the case of the solution. Thus, our
tablet platform is suitable for all those applications where the
solution phase of AuNP-dextran is used while eliminating any
complexity in handling and transportation.
Interactions of dextran with AuNPs were identified using

Attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectra. Figure 3D demonstrates the results for the four
samples of pure dextran, AuNPs-dTab, AuNPs-dSol, and
AuNPs-Cit pure dextran powder were compared with AuNPs-
dTab and AuNPs-dSol spectra. The spectrum plotted in green
represents the spectrum of dextran, whereas the curve plotted
in red, black, and yellow represents the spectrum of AuNPs-
dTab, AuNPs-dSol solution, and AuNPs-Cit solution,
respectively. Apparently, the AuNPs-dTab spectrum is similar
to the AuNPs-dSol spectrum with a major difference of peak
intensity at 3293 cm−1 that is due to the symmetric stretching
vibration mode of the OH group of water.46 This peak is less
wide in a tablet as compared to a similar broad peak in the
AuNPs-dSol solution. Moreover, the intensity of this peak is
comparable to the intensity of the similar peak for powder
dextran, so it also confirms the dehydrated state of our tablet

due to the evaporation of solvent molecules. The peak at 2875
cm−1 is assigned to −CH group stretching vibrations of
dextran, while it has shifted to 2915 cm−1 in AuNPs-dTab. The
bands at 1102, 1061, and 985 cm−1 correspond to the
stretching vibrations of C−O bonds, the alcoholic hydroxyl
(C−OH), and α-glycosidic bonds (C−O−C) in dextran,
respectively.46 Similar bands but with less intensity were
observed in the AuNPs-Tab spectrum, so these changes
indicated the strong interactions of dextran with AuNPs. An
absorption band appeared at 1639 cm−1 due to the CO
stretching vibration mode present in the spectrum of AuNPs-
dSol and AuNPs-Cit, which suggested the involvement of the
CO group in the formation of AuNPs.6 The peak intensity
was similar for both liquid samples, while it was less intense in
the case of solid samples AuNPs-Tab and dextran powder.
This fact might be due to the strong H-bonding of the CO
group with water in a solution phase. Also, a common pattern
was observed near 2160 and 1977 cm−1 for all the samples
except pure dextran, which indicated the similar nature of the
materials. Hence, FTIR measurements showed that dextran
molecules were involved in the fabrication of AuNPs-dTab.
In conclusion, AuNPs-dTabs were fabricated with 6% (w/v)

solution of AuNPs-dSol for further investigations as this

Figure 4. Images representing the morphological analysis of AuNPs-dTab in terms of particle and tablet material. (A) TEM image of AuNPs-dTab
showing the size and spherical shape of particles. (B) TEM image of AuNPs-Cit indicating the size and shape of particles. (C) The phase trace
AFM image of AuNPs-dTab showing the dispersed state of nanoparticles in an ″active″ red tablet. (D) Phase trace of AuNPs-dTab showing the
aggregated state of nanoparticles in a ″dead″ purple tablet.
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concentration was the optimum amount of dextran that kept
the nanoparticles stable for an extended period. It was also
clear that the particle size remained unchanged when we
transformed the AuNPs-dSol liquid phase to the solid AuNPs-
dTab.
Dextran-Encapsulated AuNPs-Tablets (AuNPs-

dTabs). Tablets from AuNPs-dSol solution 6% (w/v) were
casted to measure surface characterization and record the
stability test. Tablet formation is considered complete only if
the tablet leaves the hydrophobic surface of the plastic sheet
freely and has a constant weight. Tablets were casted by
pipetting out a fixed volume of the solution instead of the drop
squeezing method to maintain a similar amount of captured
nanoparticles in each tablet. Mostly wine-red round-shaped
tablets were produced, but a quasi-spherical shape was also
observed due to the difference in the drying environment as
shown in Figure S1. We dispensed a variety of droplets ranging
from 100 to 500 μL of the solution and collected small and big
tablets depending on the volume. By this strategy, premeasured
quantities of reagents can be easily stored inside the tablets.
Our tablet-based encapsulation approach is more beneficial
that the powdered AuNPs-dSol38 due to the storing of a
known amount of substances, which are ready to use.
The amount of dextran has a direct influence on the size of

nanoparticles as by increasing the dextran quantity, the size of
the AuNPs decreased with a few exceptions.38,46 In our study,
dextran was used in the ligand exchange reaction to replace the
citrate ions and was not involved in the reduction of hydrogen
tetrachloroaurate, so the size of the nanogold might remain the
same in any concentration of dextran above 5%. The particle
size and shape of AuNPs-dTab and AuNPs-Cit were estimated
through their TEM images as shown in Figure 4A,B,
respectively. The average particle size for AuNPs-dTab and
AuNPs-Cit was found to be 11.74 ± 1.39 and 11.53 ± 1.48
nm, respectively. Gold nanoparticles remained spherical in
shape and uniform irrespective of the nature of the capping
agent.
DLS measurement was also recorded for AuNPs-dTab,

AuNPs-dSol, and AuNPs-Cit solutions in triplicate. The
hydrodynamic diameter of the AuNPs-Cit solution was
found to be 14.38 ± 1.39 nm with a polydispersity index
(PDI) of 37.80%, whereas this diameter was changed to a
much higher value of 127.17 ± 5.81 nm with a PDI of 24.43%
for the AuNPs-dSol solution, which indicated the successful
surface modification of particles from citrate to dextran by the
ligand exchange method. However, when particles were
embedded into the dextran matrix as the tablet platform,
these particles became much bigger as shown by the average
hydrodynamic diameter of AuNPs-dTab by DLS of 304.12 ±
16.43 nm with a PDI of 17.33%, although the particle’s
diameter was 11.70 nm by TEM analysis, which confirmed that
the particle diameter in a tablet did not change because the
diameter of the particle along with the surrounding capping
agent is considered in the case of DLS measurement, whereas
TEM analysis records the diameter of the nanoparticle alone.
Blue tablets indicated the presence of aggregation between
particles, which makes them bigger as confirmed by their
hydrodynamic diameter of 686.5 ± 136.13 nm with a PDI of
17.3% by DLS studies.
Additionally, we have investigated various physical charac-

teristics such as the thickness, diameter, weight, density, and
opacity of the tablets using 6 and 10% dextran with 2, 4, and 8
nM AuNP concentrations to better understand the effects of

these parameters on the tablets. The maximum thickness was
0.71 ± 0.10 mm for the 10% dextran tablets with 4 nM AuNPs.
The maximum diameter recorded for the tablets was 7.64 ±
0.17 mm for the 6% dextran tablets with 2 nM AuNPs. The
maximum weight observed was 4.3 ± 0.3 mg for the 10%
tablets with 8 nM AuNPs. The maximum density was 0.247 ±
0.0.039 g/cm3 for the 6% dextran tablets with 8 nM AuNPs.
The maximum opacity was 4.009 ± 0.107 for the 6% dextran
tablets with 8 nM AuNPs. For the detailed procedure and
results, refer to Figure S2A,B. Overall, the increase in the
concentration of dextran significantly increased the thickness,
diameter, and weight of the tablets, while it decreased the
opacity and had no significant effect on the density.
To analyze the AuNPs with their surrounding environment

in the solid state of the tablets, high-resolution surface images
of AuNPs-dTab were taken using AFM scanning probe
microscopy. AuNPs were embedded into the dextran matrix
as dispersed particles when the tablet is red in color and as
aggregated particles in the case of a blue tablet as shown in
Figure 4DC,, respectively. The phase trace image in Figure 4C
shows that the mean height of the AuNPs was 10−30 nm,
indicating that the AuNPs are well-dispersed throughout the
exopolysaccharide substance. The biggest gold particle in the
given image has a diameter 90.60 nm. For the 2D and 3D
height profile of AuNPs-dTab as surface roughness and texture
description, see Figure S3. These particles have a round shape
as also supported by the TEM image. It could be explained by
the fact that free alcoholic hydroxyl groups of dextran are able
to stabilize AuNPs by the interaction between the surface Au
atoms of AuNPs and oxygen atoms of dextran. Importantly, a
high density of hydroxyl functionality in dextran could lead to
extensive inter- and intramolecular hydrogen bonding, favoring
the stability and dispersion of AuNPs.48 Hence, AFM results
showed that AuNPs were distributed mainly on the surface of
polysaccharide and offered strong interaction in a tablet when
particles are dispersed. In the case of the blue tablet, particles
were aggregated and considered as ″nonresponsive″ toward
SPR phenomena. The crystallinity and thermal stability of
AuNPs-dTab were recorded using XRD and DSC analysis, and
results are reported in Figure S4.

Stability and Storage of AuNPs-dTabs. AuNPs-dTabs
were kept at room temperature and in a fridge in an open and
air-tight sealed packing for different durations before being
tested for their stability. Generally, AuNPs are very stable when
surrounded by a stabilizing agent under controlled conditions.
Stabilizers are either charged species like citrate ions that offer
ionic stabilization or a neutral surface bound matrix like
dextran that offers steric and electrostatic stabilization. Dextran
has a hyperbranched structure that has oxygen-rich function-
alities like hydroxyl and ether groups, which lead to a tight
binding with nanogold clusters via electrosteric interactions.49

Electrostatic particles are kinetically stabilized, while steric
force generates thermodynamic stabilization.50

AuNPs-dTabs were dried for 24 h and then stored at
different conditions. The AuNPs-dSol solution was used as the
control to compare and measure the stability of nanoparticles
encapsulated in the tablets. UV−vis absorption at 520 nm for
the four samples of the AuNPs-dTab and AuNPs-dSol solution
at 20 °C (referred to as room temperature or RT) and the
AuNPs-dTab and AuNPs-dSol solution at 4 °C (referred to as
fridge or FR) showed almost similar intensities for up to 3
weeks as depicted in Figure S5. However, there was a gradual
decrease in stability for the AuNPs-dSol solution placed at
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room temperature. It might be due to the contamination of the
solution as many synthesized samples of the AuNPs-dSol
solution stored in normal conditions are randomly attacked by
fungi.38 To avoid this problem, we have transformed the
solution phase of AuNPs-dSol into solid tablets. Also, we
observed that random temperature fluctuations, humidity, and
direct light interactions with the AuNPs-dSol solution might
produce a purplish color with solid particles at the bottom of
the vial that indicated the loss of stabilization around gold
nanoparticles. This condition sharply reduced absorbance
values at 520 nm, which indicated the loss of the dispersed
state of AuNPs. A slightly greater decrease in the stability of
the AuNPs-dSol particles as compared to AuNPs-dTab stored
at room temperature is shown in Figure 5A. AuNPs-dTab
remained stable under working conditions of continuous light
and humidity exposure as shown in Figure 5B, while the
AuNPs-Cit solution could maintain stability only for 3 h
followed by a sudden decrease in stability that was
approximately 30 and 65% in 4 and 5 h, respectively.
Comparatively, tablets in the fridge were a little more stable
than those at room temperature. It is also concluded that our
fabricated tablets have shown long-term stability at room
temperature under a continuous working environment to date.
The stability of particles was also measured by recording the

zeta potential as particles with values greater than 20 mV or
less than −20 mV have enough electrostatic repulsion to
remain stable in the solution. However, it is important to note
that when particles are surrounded by biopolymers, their
electrostatic repulsion due to citrate ions is decreased as shown

by high ζ potential values. At this point, primarily, the
stabilization force is steric in nature. The zeta potential was
measured for AuNPs-Cit, AuNPs-dSol, and AuNPs-dTab
solutions at pH 5.86, and values for all the samples were
negative. The ζ potential obtained for the AuNPs-Cit particles
was −45.4 ± 6.0 mV, while it was −6.6 ± 0.3 and −3.5 ± 0.2
mV in the case of AuNPs-dSol and AuNPs-dTab solutions,
respectively. These results indicated that citrate-capped
particles are more negatively charged as compared to
dextran-capped particles at this pH as supported by the
literature.6 However, the surface charge will remain identical in
the case of the AuNPs-dSol solution and AuNPs-dTab. It also
confirms that AuNPs-dTab is a good alternative to the AuNPs-
dSol solution without any change in the stability of particles.
Our fabricated tablets are free from contamination and stable
for more than a year if carefully stored at a constant
temperature and light.

Effect of Salt on AuNPs-dTabs. Besides the morpho-
logical properties of gold nanoparticles, surface functionality is
another important aspect to be studied because functional
groups attached to nanogold are directly controlling the SPR
phenomenon, which is a fundamental principle of colorimetric
sensors. Primary results indicated that the 100 mM NaCl
solution has induced aggregation in the AuNPs-dTab solution
(8.01 nM), but this aggregation is not visible to the naked eye
and the solution remains red as supported by Wang et al.35

However, UV−vis spectra showed a decrease in A520/650
value from 9.13 to 5.64 that confirms the aggregated state of
particles. To enhance this aggregation, higher concentrations

Figure 5. A comparative study of the stability profile of AuNPs-dTab with AuNPs-dSol and AuNPs-Cit. (A) AuNPs-dTab showing a higher
stability as compared to AuNPs-dSol at room temperature (20 °C) till 9 months. (B) AuNPs-dTab stability remained unaffected till 5 h, while the
AuNPs-Cit solution was stable only for 3 h followed by a sudden decrease in stability that was approximately 30 and 65% in 4 and 5 h, respectively,
under operating environmental conditions of continuous light exposure and humidity at room temperature.

Figure 6. Effect of the ionic solution on AuNPs-dTab 6% (w/v). (A) Screening of different concentrations of sodium chloride with AuNPs-dTab in
a 1:1 ratio. (B) Kinetic study of AuNPs-dTab with 100 mM NaCl solution till 3 h where the inset highlights the change during this period for the
520/650 absorbance ratio value in the range of 5.4 to 5.8. This figure indicated that the rate of aggregation in the AuNPs-dTab solution with 100
mM NaCl solution was almost comparable to the 10 times concentrated salt solution that remains unchanged till 3 h.
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of salt up to 1 M were tested, but there was no significant
change in the visual observations as well as those by the UV−
vis machine. The effect of the 100 mM salt solution was
comparable to that of 1000 mM with no significant changes in
the absorbance (λmax) values as shown in Figure 6A. Increasing
the ionic strength of the solution did not induce further
destabilization in the case of AuNPs-dSol as the polysaccharide
surface binding to the AuNPs provides extra stability against a
higher ionic strength. However, in the case of AuNPs-Cit, as
the ionic strength of the solution increased by the addition of
sodium chloride, the additional ions would protect the
electrostatic repulsive interactions, causing van der Waals
attractive interactions to dominate and the particles to
aggregate.51 Further, a kinetic study of AuNPs-dTab in the
presence of 100 mM sodium chloride was performed till 3 h as
shown in Figure 6B. A slight decrease in A520/650 value was
observed in the inset of Figure 6B, which indicated that
maximum aggregation due to salt solution happened at once
and there was a negligible increase in aggregation over time.
A control experiment was carried out to check the difference

between the salt concentration required to destabilize the
AuNPs-Cit and AuNPs-dSol solution. Regarding 8.01 nM
AuNPs, the optimum concentration of NaCl was 170 mM,
which induced a good aggregation and a visible color change
from red to blue. However, in the case of the AuNPs-dSol
solution, stabilization forces were much stronger, and AuNPs
remained dispersed/stabilized at the super saturated concen-
tration (10 M) of NaCl. Furthermore, upon heating this
solution, there was no effect in color change at all, which
indicated the thermal stability of particles at high salt
concentrations. This observation is also supported by the
literature as Wang and co-workers35 monitored the stability of
the AuNPs-dSol under physiological conditions (0.157 M,
NaCl) by UV−vis spectroscopy and observed that the colloidal
stability is not affected at all upon the addition of a very high
salt content. Further, the aggregation kinetics of dextran-
capped gold nanoconjugates in the presence of 100 mM NaCl
were studied to find the effect of time on the rate of
aggregation. There was a negligible increase in the aggregation
of particles over 3 h resulting in the spontaneous response of
salt on AuNPs-dTab to promote aggregation as a quick
reaction. A slight decrease in A520/650 value was observed
(results are not shown here). This indicates the higher stability
of dextran-capped gold nanoparticles and their higher
resistance even in high ionic strength solutions. This is an
important aspect that confirms the outstanding stability of
dextran-capped AuNPs in the physiological saline solution so
that particles can be used in analytical applications without
further surface modifications.35

pH-Responsive Behavior of AuNPs-dTabs. Undoubt-
edly, the pH responsive sensitivity of ligands attached to a gold
surface has a direct influence on the optical characteristics of
AuNPs. Lv et al. have reported that the behavior of dextran
derivatives toward AuNPs is strongly pH-dependent.31

Stabilization around AuNPs is greatly affected by acidic or
basic solutions because they can increase the dissolution rate of
the nanoparticles into an ionic form that can redeposit onto
existing nanoparticles, changing the average diameter and size
distribution.
Initially, AuNPs-dTabs 6% (w/v) were tested against 0.1 M

hydrochloric acid, 0.1 M sodium hydroxide, and 0.1 M sodium
chloride solutions to see the effect of highly acidic (pH =
1.31), highly basic (pH = 13.03), and neutral (pH = 5.53)

environments on the stability of nanoparticles. Basic and ionic
solutions did not induce any color change visible to the naked
eye; however, the acidic condition changed the solution from
red to purple color, which indicated the aggregation as shown
in Figure 7A. Absorption maxima at 520 and 650 nm were

recorded for all the solutions using a UV−vis spectropho-
tometer. Absorbance values at A520/650 nm were reduced
slightly in the basic solution, whereas these values were much
lower in the case of acidic conditions. This is the indication of
the breaking of steric stabilization due to dextran around
AuNPs that leads to the aggregation of particles. Hence, we
can conclude that destabilization was prominent at a lower pH,
whereas a higher pH (basic) did not cause a significant change
in stabilization due to the presence of the biopolymer. Upon
variation of pH, the hydrophilic−hydrophobic balance of a few
polymers is disturbed by the change in the ionization state of
the weak acid or base groups.31 The steric stabilization is the
major force in this system due to dextran macromolecular
configuration which is difficult to break and requires harsh
conditions as compared to electrostatic stabilization of the
AuNPs-Cit solution which is highly sensitive to ionic strength.
In the case of AuNPs-dTab, the molecular weight of the
macromolecule and surface graft density are dominant factors.
In general, thicker polymer layers and higher graft densities
lead to more effective steric stabilization.20

Figure 7. pH responsive behavior of AuNPs-dTab 6% (w/v). (A)
Initial screening of AuNPs-dTab using 100 mM solution of sodium
chloride, hydrochloric acid, and sodium hydroxide. (B) The
concentration-dependent acid-promoted aggregation behavior of
AuNPs-dTab with and without sodium chloride solution (100 mM)
indicates the aggregation profile of AuNPs-dTab suitable for a range
of applications where acid-sensitive linkages are involved. The
experiment data are the mean of the three replications (n = 3) ±
SD where some error bars were hidden behind the data points.
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The substantial acid-catalyzed deterioration of polysacchar-
ide molecules was investigated using AuNPs-dTab 6% (w/v)
with different concentrations of hydrochloric acid ranging from
0.0001 to 12 M. Due to the abundance of hydroxyl groups in
dextran, acidic pH strongly influenced the aggregation of
AuNPs by protonation of −OH to OH2

+ on the dextran
chain.36 In the acidic condition, cations are present in the
solution, and negatively charged stabilizing species around
AuNPs are no longer maintained in the solution, which is why
nanoparticles become destabilized and hence aggregated. This
aggregation was observed by the naked eye at pH 1.31 and
lower. A rapid color change happened from red to purple when
0.1 M HCl was added to the nanoparticle solution in a 1:1
ratio. However, maximum aggregation was recorded at pH
0.26, below which pH did not have any influence on color. We
observed that pH ≤ 1 induced prominent aggregation without
salt due to the protonation of dextran’s functional groups. The
full spectra scan at 300−800 nm of AuNPs-dTab 6% (w/v)
with variable hydrochloric acid concentrations in a 1:1 ratio
can be seen in Figure S6. However, to improve the sensitivity
of the signal, the salt solution was used in an equal ratio. As
discussed previously, the effectiveness of the 100 mM NaCl
solution was comparable to that of 1000 mM in this system, so
the lower concentration of salt was selected. Black dots in
Figure 7B represent the destabilization of the particles in the

presence of salt. It was clear that the effect of salt was
predominant up to pH 1.31, and the ionic solution contributes
to breaking the stabilization strongly in the presence of acid
above pH 0.53. However, at pH lower than 0.53, the salt effect
became negligible as maximum aggregation has already
happened due to the acid aggregation of dextran.
It is well-known that dextran offers a sterically stable

noncovalent coating around gold nanoparticles.20,52 The
proposed chemical reaction along with UV−vis spectra of
dispersed and aggregated dextran-capped gold nanoparticles is
shown in Figure 8. The reaction media’s pH greatly influences
the oxygen−hydrogen bond of dextran and leave the oxygen−
carbon bond intact. At pH 13.03, the electrostatic repulsive
interaction between negatively charged AuNPs and negatively
charged −CO− of the dextran chain makes AuNPs stable,
resulting in the red color of the colloidal solution as shown in
Figure 8A. However, at pH 1.31, negatively charged −CO− of
dextran changed into −COH, which formed strong hydrogen
bonds with each other and led to the aggregation and
precipitation of AuNPs resulting in a blue solution as shown in
Figure 8B.49 This investigation also confirms the suitability of
basic media for the synthesis of AuNPs-dSol. Our AuNPs-
dTabs have potential applications in acid-sensitive linkages
such as the hydrolysis of acetal, ketal, ester, amide, imine,
hydrazone, and oxime.32 Our research is an open invitation to

Figure 8. Influence of acidic and basic environment on AuNPs-dTab along with plausible structural drawings. (A) Particles in the AuNPs-dTab
solution were stable in the alkaline condition. (B) Spontaneous acid-promoted aggregation of particles in the AuNPs-dTab solution indicating the
use of AuNPs-dTab as a potential smart sensing material.
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researchers who are exploring the properties of nanomaterials
under acidic environments such as drug delivery, tumor
imaging, and diagnostic applications. For instance, at pH ∼4,
glutathione detection in human blood serum has been
reported,53 whereas 30 nm AuNPs-Cit have been used as an
efficient pH sensor to measure the acidity.54

■ CONCLUSIONS

In this research, we presented the successful formation of
dextran-encapsulated AuNPs tablets (AuNPs-dTabs) by a
simple and straightforward approach utilizing post-modifica-
tion of AuNPs-Cit with dextran powder. These tablets provide
an easy-to-use platform to have premeasured quantities of
reagents for a long duration as AuNPs-dTabs were stable for at
least 9 months (tablets were still stable at the time of this
manuscript preparation) at room temperature and in the fridge
as proven by the stability test. Once the amount inside the
tablet was calibrated, there is no need of weighing and labor-
extensive optimization of reagents every time. Additionally,
these tablets are a low-cost (approx. 1.22 CAD per 100 tablets
of 100 μL) and easy-to-use substitute to the AuNPs-dextran
solution (AuNPs-dSol) without compromising particle stability
as proven by various characterization results. We have
measured the tablet morphology in terms of thickness,
diameter, density, and opacity using 6 and 10% dextran with
2, 4, and 8 nM AuNPs-Cit. We also reported the
concentration-dependent acid-promoted aggregation of tablets
at variable pH that can be seen by the naked eye due to the
strong colorimetric response of nanoparticles from red to blue.
However, neutral and basic conditions favor the stability of
tablets and render the particles well-dispersed in the colloidal
solution. We believe that the AuNPs-dTabs presented in this
study have a great potential to be used in colorimetric
detection applications where acid-sensitive aggregation is the
primary concern. This smart material shows a promising
potential for future applications in nanosensing and
diagnostics. Hence, researchers could pay attention to explore
these tablets to prepare ready-to-use kits for the detection of
hazardous analytes of interest for environmental monitoring
and food assessment. Moreover, further investigation is
required to apply an encapsulation strategy toward function-
alized AuNPs and to understand the variable factors affecting
the steric stabilization of the polymer around AuNPs in a tablet
platform.

■ EXPERIMENTAL SECTION

Materials and Methods. All reagents and solvents were
used as received without further purification. Gold(III)
chloride solution 99.99% (trace metals basis, 30 wt % in
dilute HCl) and trisodium citrate dihydrate were purchased
from Sigma Aldrich, USA. HPLC-grade water, hydrochloric
acid 37%, and nitric acid 65% were purchased from Sigma
Aldrich. Dextran (Leuconostoc spp., M ∼100 kDa) was
purchased from Sigma Aldrich, China. Sodium hydroxide
was purchased from Sigma Aldrich, Switzerland. Sodium
chloride was purchased from the central chemical store of
Concordia University. The plastic sheet of polypropylene was
purchased from a local stationary shop.
pH measurements were recorded using plastic pH indicator

strips made by Fisher Scientific, USA, and an accumetAB200
pH/mV/conductivity meter made by Fisher Scientific,
Singapore. The ImageJ software from the National Institutes

of Health, Bethesda, MD, USA, was used. A vortex (model #
9454FIALUS, 50/60 Hz Fisherbrand) was used to get a
homogenized AuNPs-dTab solution. A particle size analyzer
(PSA) (model Litesizer 500, Anton-Paar, Austria) was used for
nanoparticle size distribution and polydispersity index. The
particle size range for the machine is 0.3 nm−10 μm. All
samples were also run for zeta potential via electrophoretic
light scattering using the cmPALS technique (European Patent
2735870) for high sensitivity. PSA has a particle size range
from 3.8 nm to 100 μm for zeta potential measurements. The
colloidal concentration of nanoparticles was taken in Ω-shaped
polystyrene cuvettes at 25 °C, and the data were taken in
triplicate.
The extinction spectra of AuNPs were recorded on a UV−

vis spectrophotometer (BioTek, Cytation 5, imaging reader) at
room temperature. Infrared spectra of samples were obtained
from a Nicolet iS20 FTIR spectrometer (Thermo Scientific
Instrument Co., Madison, Wisconsin, USA) using the single
reflection horizontal ATR accessory Smart Orbit and a
diamond crystal with ZnSe lens at an incident angle of 42°.
The FTIR spectra were acquired in the range of 4200 to 650
cm−1 with a 0.25 cm−1 spectral resolution to identify potential
chemical interactions between dextran and gold nanoparticles.
Each sample was scanned twice to ensure good reproducibility.
Transmission electron microscopy (TEM) was performed
using a Talos L120C (20−120 kV) for structural examinations
and investigation of particle shape and size. We used a copper
grid with a coating of formvar (FCF-300-CU, 300 mesh)
purchased from Electron Microscopy Sciences. AuNP
solutions (2 μL) were deposited on a grid and dried for 24
h before performing the run.
The surface morphology measurement and data acquisition

of the AuNPs-dTab sample were carried out by an atomic force
microscopy (AFM) system (Anton Paar Tosca 400, Austria)
with the tapping mode in air. An aluminum reflex coated
cantilever (thickness: 30 nm, resonance frequency: 285 kHz,
spring constants: 42 Nm−1, curvature radius: <10 nm, and
height 10−15 μm) was used for the experiment, and the 500 ×
500 pixel images were collected at a line rate of 1 lines/s.
Image analysis was done using Gwyddion (free, open-source
software, version 2.59).

Formation of the Dextran-Capped Gold Nanoparticle
Solution. In the first step, citrate-capped gold nanoparticles
(AuNPs-Cit) were prepared following the direct method of the
Turkevich approach42 with slight modifications. The concen-
tration of this colloidal solution was estimated to be 8.01 nM
according to Beer’s law while using an extinction coefficient
(ε) of 13 nm AuNPs due to their surface plasmon resonance
(SPR) wavelength at 520 nm.42 In the second step, dextran-
capped gold nanoparticles (AuNPs-dSol) were achieved by
replacing citrate ions with dextran being the strong stabilizer as
well as capping agent. This is called ″post-modification of pre-
formed AuNPs″. For this purpose, the concentration of
polysaccharide solution in weight by volume (w/v) was used
to cast the tablets where 10 g of dextran powder was mixed
using the vortex with the required volume of AuNPs-Cit
suspension to get the 10% (w/v) solution of AuNPs-dSol.
From this stock solution, serial dilutions of 1−9% (w/v)
AuNPs-dSol were prepared for further experiments. FTIR
spectra of AuNPs-Cit and AuNPs-dSol samples were recorded
to identify the functional groups around gold nanoparticles and
their surface chemistry.
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Formation of Dextran-Capped Gold Nanoparticles
Tablets (AuNPs-dTabs) and Their Morphological Stud-
ies. AuNPs-dTabs were casted by squeeze dropping 100 μL of
the AuNPs-dSol solution of variable % concentrations (w/v)
on a clean plastic sheet of polypropylene. The drops were air-
dried overnight at 20 °C, 48% RH, and atmospheric pressure.
In another batch, tablets were dried in an oven at 80 °C to
compare the effect of heat on tablet formation. Tablet
formation was considered not fully completed if the tablet
could not be removed from the sheet. The uniformity and
color of all tablets (1−10% (w/v)) were recorded. These
tablets were dissolved in a fixed volume of water to observe the
dispersion of colloidal nanoparticles in the solution by
recording the absorbance at 520 and 650 nm UV−vis
spectrophotometrically.
Once the optimum ratio of dextran and AuNPs-Cit solution

was obtained depending upon the stability of particles, tablets
of variable sizes such as 50, 100, 200, 300, 400, and 500 μL
were casted to see the effect of volume on the tablets’ diameter.
To study further, 100 μL of different concentration of AuNPs
(8, 4, and 2 nM) was mixed with different amounts of dextran
separately to get 6 and 10% (w/v) tablets. These tablets were
considered for measuring the hydrodynamic diameter (ø,
mm), thickness (e, mm), density (ρ, g/cm3), and opacity (Op,
A/mm).
The particle size and shape were recorded through TEM

analysis, and AuNPs-dTab was compared with the AuNPs-Cit
solution. The topological network of gold nanoparticles
embedded in the dextran matrix has been successfully imaged
by AFM in the tapping mode. This nano-imaging with high
spatial resolution and exceptionally low invasiveness is useful
to explain the particle height. The line profiles were used to
determine the height and length for each particle. Moreover,
for the crystallinity and thermal analysis of the AuNPs-dTab
material, XRD and DSC studies were carried out.
Stability of AuNPs-dTabs. The stability of AuNPs-dTabs

placed in different conditions was determined by measuring
the absorbance at 520 nm on different days. These tablets were
kept at 20 and 4 °C for different lengths of time such as 1, 7,
14, 21, 28, 90, 180, and 270 days before being tested. These
tablets were also stored in open air and air-tight packing to
study the effect of humidity on the performance of AuNPs-
dTabs. To test the dispersion state of nanoparticles, 200 μL of
HPLC water was used to dissolve two AuNPs-dTabs (100 μL,
5.79 mm diameter × 0.313 mm thickness) to obtain a
homogeneous solution and then transferred to a 96-well plate
to measure the absorbance of red color. The observation was
recorded in triplicate at A520 nm on a UV−vis spectropho-
tometer plate reader and compared with the AuNPs-dSol
solution. To ensure the stability of rest of the tablets/solution
over the period of time, only an aliquot was taken out for the
measurement each time. A comparative stability study was also
conducted between the AuNPs-dTab and AuNPs-Cit solution
under working environmental conditions where both the
samples were exposed to ambient temperature and light
continuously. Zeta potential and dynamic light scattering
studies were also conducted to see the stability of different
colloidal solutions such as the AuNPs-Cit, AuNPs-dSol, and
AuNPs-dTab solution.
Screening of AuNPs-dTabs under Variable Ionic

Strengths and pHs. The effect of different concentrations
of sodium chloride (100−1000 mM) on the aggregation
behavior of AuNPs was studied using 6% AuNPs-dTab.

Different strengths of acidic and alkaline media were also
provided to the AuNPs-dTab to check the pH-responsive
behavior as well as sensitivity of the tablet material. For this
purpose, these tablets were dissolved in a required amount of
HPLC-grade water using a vortex to get a homogenized
colloidal dispersion. Subsequently, 0.1 M NaCl, 0.1 M HCl,
and 0.1 M NaOH solutions were added in separate vials in a
1:1 ratio with the AuNPs-dTab solution. The absorbance of
the solution at 520 and 650 nm was recorded using a UV−vis
spectrophotometer. Based on this initial screening, the dextran-
stabilized AuNP aggregation assay was optimized at variable
pHs in the acidic range. The kinetic study of AuNPs-dTab 6%
(w/v) was performed with 0.1 M NaCl concentration till 3 h.
Finally, a comparative analysis of the acid-induced aggregation
of AuNPs-dTab solution was conducted in the presence and
absence of 100 mM sodium chloride solution.

Statistical Analysis. All statistical analyses were performed
by Microsoft Excel 2019. The unpaired Student t test was used
to identify the statistically significant differences between the
results, with p values < 0.05 interpreted as significant.
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