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odilator drugs through microwave
spectroscopy of Au NP colorimetric probes using
a microwave metallic photonic crystal-inspired
resonant probe†

Rahul Yadav, a Piyush N. Patel a and V. N. Lad *b

Here, we report a low-cost, time-effective, easy-to-use, and novel analytical technique incorporating

microwave spectroscopy of unmodified gold nanoparticles for the successful detection of two vasodilator

drugs – amlodipine besylate and minoxidil. The sensor probe consists of a microwave metallic photonic

crystal, which is loaded into the ground plane of a �l/4 cylindrical line source. The sensing scheme is based

on inducing aggregation in the gold nanoparticles upon addition of the analyte drug, and then performing

microwave spectroscopy for different concentrations of the two drugs. The proposed method was validated

in the concentration ranges of 100–0.05 mM and 20–0.625 mM for amlodipine besylate and minoxidil

drugs, respectively, and a good linearity was obtained for the calibrated data. The scope of the reported

user-friendly technique can be further enhanced by improvement of the limit of detection of specific drugs

by favourable functionalization and/or surface modification of suitable nanoparticle probes.
1. Introduction

Vasodilator drugs are effective in preventing numerous health
disorders like high blood pressure, heart failure, and angina.1

Most of the vasodilator drugs are balanced with arterial dilators
and venous dilators. They are used to dilate arteries and veins
simultaneously. Therefore, they prove to be benecial as an
enhanced therapeutic treatment.2 However, consumption of the
vasodilator may interfere with other dietary elements and may
cause nausea, headaches, heart palpitations, etc. amlodipine
besylate is an L-type calcium channel blocker which is used for
the treatment of angina and hypertension. It also has antihyper-
tensive and antianginal effects.3Minoxidil is used to control blood
pressure by relaxing and dilating the blood vessels, and it is
always used in combination with beta-blockers and diuretics in
order to prevent its side effects.4 Several analytical techniques
such as High Pressure Liquid Chromatography (HPLC),5,6 Liquid
Chromatography-Mass Spectrometry (LC-MS),7,8 uorescence,9,10

electrochemical,11,12 and UV-visible spectroscopy13,14 are reported
for the analysis of two vasodilator drugs (amlodipine besylate and
minoxidil) in pure pharmaceutical formulations and tablets.
Unfortunately, these methods require more time for analysis,
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expensive instrumentation, and moreover, their applicability is
limited only to the laboratory. Therefore, a simple analytical
technique is essential for the detection and quantication of
analyte drugs in different matrices.

The gold nanoparticles (Au NPs) as colorimetric probes are
actively involved in research for the development of effective
detection and screening approach of biomolecules, inorganic
elements and drugs.15 The particle distance-dependent optical
property of the Au NPs undergoes red-shi in the wavelength of
surface plasmon resonance (SPR) aer the induced aggregation
and exhibits a very high extinction coefficient.16 This unique
tunable optical property sensitively allows Au NPs for visual
sensing of the analyte through color change with great sensitivity.
It is found that small sized (�5–13 nm) water dispersible Au NPs
play an important role in the colorimetric assay. In this connec-
tion, unmodied Au NPs and functionalized Au NPs have been
utilized as probes for the colorimetric detection of target drug
molecules by creating affinity and inducing aggregation. Rawat
et al. showed simultaneous detection of four different drug
formulations (venlafaxine, imipramine, amlodipine, and alfuzo-
sin) by using bare gold nanoparticles. It is achieved through
strong interaction between Au NPs surface and four drugs at pH 4
ammonium acetate buffer media.17 Teepoo et al. applied colori-
metric assay using unmodied Au NPs for the determination of
drug ramoplanin in biouid up to 0.01 ppm.18 Yarbakht and co-
worker reported the visual detection of methamphetamine
using aptamer coated gold nanoparticles.19 Xie et al. developed
DNA interstrand cross-linked Au NPs for colorimetric detection of
the anticancer drug.20 Selvaraj et al. showed biological assay of
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Schematic of the proposed resonant probe. (b) Fabricated
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antileukemic drug (6-mercaptopurine) using gold nanoparticles.21

These approaches allow simple analysis for detecting the pres-
ence of analyte drug; however, as the analyte concentration
approaches the limit of detection (LOD), the UV-visible spec-
trometry fail to deliver highly distinct absorbance spectra. Thus,
calibration is one of the issues which restrict the development of
a portable colorimetric-based spectrometer as a prototype sensor
device. This encouraged us to introduce an ingenious sensor and
spectroscopic study which possesses a potential scope in the
development of the novel portable device to facilitate effective
detection of the concerned species.

Devices based onmicrowave theory and techniques have also
gained signicant attention for bio-sensing. In the recent years,
resonator-based radiofrequency (RF) biosensing platforms have
been developed for sensing over a broad range of microwave
spectrum. Grenier et al. presented a broadband microwave
sensor integrated with microuidic technology dedicated for
the purpose of bioengineering the human cells.22 Compact
coplanar waveguide transmission line based label-free RF
biosensors are reported for the characterization of cancer cell,23

glucose,24 and many other analytes. More interestingly, articial
materials such as metamaterials have emerged with excellent
sensing properties at nanostructured scale.25 Cao et al. devel-
oped �45 mm width U-shaped periodic structure of Split Ring
Resonators (SRRs) with the thiolated surface to detect the
presence of RGG9 biomarker.26 Park et al. reported electric LC-
type terahertz metamaterials for the characterization of fungi
bacteria.27 In particular, metamaterials operating at terahertz
frequencies and the optical regime have a relatively higher
sensitivity. However, expensive fabrication, complex measure-
ment setup, and sample preparation with remarkably sophis-
ticated functionalization is required. Whereas, X-band (8–12
GHz) metamaterial sensor demonstrated by Lee and co-authors
for specic binding between prostate-specic antigen (PSA) and
antibody showed LOD up to 1 ng mL�1.28 Since the majority of
the investigated microwave sensor devices are planar, in situ
analysis cannot be performed into various biological and
chemical assays. Microwave reection probes are one of the
suitable candidates for the in situ microwave spectroscopy. But,
so far, only the non-resonant open-ended coaxial probes have
been studied for the broadband microwave dielectric spectros-
copy of liquids,29 biological tissues,30 and RF laminates.31 Large
sample volume is required in some of the exceptionally
designed yet bulky resonant probes.32,33

In this work, a low-prole coaxial probe is presented which
acquires resonance from the microwave metallic photonic
crystal loaded in the probe ground plane. The sensing mecha-
nism is based on microwave spectroscopy of the gold nano-
particles colorimetric assay, wherein, the probe tip is inserted
into the prepared sample and shi is calibrated in the resonant
frequency. The aggregation in Au NPs by the two drugs (amlo-
dipine besylate, and minoxidil) which led to the red-shi in the
wavelength of SPR was conrmed using a UV-visible spectro-
photometer, Dynamic Light Scattering (DLS), and FT-IR
measurements. The proposed technique possesses the advan-
tage of simple measurement setup, signicantly identiable
This journal is © The Royal Society of Chemistry 2017
resonance peaks, minimal requirement of sample volume, and
easy calibration.
2. Sensor development
2.1 Design

The design of metallic photonic crystal (MPC) loaded micro-
wave probe consists of a four surrounded rectangular metal
rods, each with the width of w1 ¼ 2 mm, height L1 ¼ 7.5 mm,
and vertically suspended on the ground plane of a panel type
SMA female connector of ground plane length L¼ 12.5 mm. The
cylindrical pin of diameter d¼ 1.3 mm and height l1 ¼ 16.3 mm
act as a �l/4 line source carrying current, where, l is the
operating wavelength. Fig. 1a shows the schematic of the
proposed sensor probe, whose transverse magnetic (TM)
bandgap regions were numerically calculated using Eigenmode
solver of the Computer Simulation Tool, Microwave Studio
(CST-MWS) v.2016. The nite line source having a current
density (J) traps the evanescent waves within the MPC, and
energy is allowed to propagate only above the MPC structure.
Thus, the entire eld components no longer remain invariable
in the z-direction for TM boundary and it leads to the existence
of bandgap. It is well-known that supper-cell structure is
commonly applied by dening the periodic boundary to the
structure.

RSC Adv., 2017, 7, 30784–30791 | 30785
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Fig. 2 Dispersion diagram of microwave metallic photonic crystal in
square lattice.

Fig. 3 Equivalent lumped circuit model.

Fig. 4 Plot of the reflection coefficient for the MPC-inspired resonant
probe.
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unit-cell structure for the computation of microwave photonic
crystal.34 However, in the proposed geometry, the lattice points
are in the middle of the square lattice plane, and therefore,
computation burden can be minimized by calculating phase
variation in x or y-direction only, and the irreducible Brillouin
zone boundary need not be evaluated completely.35 Fig. 2 shows
the simulated bandgaps for TM mode, where, zero order global
TM bandgap is up to 2 GHz, and 1st order TM bandgap exists
between 4 GHz to 6.2 GHz. Based on these results, the probe
resonance is likely to exist in the 1st order TM bandgap region.
As shown in Fig. 3, the sensing operation can be understood
from the equivalent probe circuit. The lumped model of the
excited coaxial line has a nite inductance (L) and resistance (R),
whereas, the Cf is the fringing eld capacitance between the
probe and MPC rods.

In this case, the resonant frequency can be obtained using
eqn (1). When the probe tip interacts with the liquid sample, the
value of Cf is inuenced and acts as an additional capacitance
Cs in parallel with the sample as shown in eqn (2). This parallel
capacitance, therefore, shis down the resonant frequency (fr).

fr ¼ 1

2p
ffiffiffiffiffiffiffiffiffi
LCf

p (1)

fr ¼ 1

2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L
�
Cf þ Cs

�q (2)

2.2 Device fabrication and testing

The probe was realized by utilizing a female sub-miniature
version-A (SMA) panel type connector with elongated feed pin
and soldering four rectangular copper rods over the ground
body of the connected which surrounds the feed pin. Fig. 1b
30786 | RSC Adv., 2017, 7, 30784–30791
shows the photo of the fabricated probe. A microwave signal
excitation was given to the probe, and its reection scattering
spectra (S11) was simulated and later measured using Vector
Network Analyzer (VNA) to validate the proof of concept. It is
evident from Fig. 4 that the simulated fundamental resonance
of the probe at 4.6 GHz is found to be in the 1st TM bandgap and
possess TM110 mode. The measured frequency response at 4.76
GHz is in close agreement with the simulation result and
conrms its proper functioning.
3. Experiment
3.1 Chemicals and materials

Gold chloride (HAuCl4$xH2O) and sodium citrate tribasic dihy-
drate (C6H5Na3O7$2H2O) were purchased from SRL Pvt. Ltd,
India. TRIS (hydroxymethyl) aminomethane, phosphate buffer
saline (PBS) and ammonium acetate were purchased from Sigma-
Aldrich, USA. Amlodipine besylate and minoxidil were obtained
from TCI Chemicals, Japan. The milli-Q-pure water of 18.2 MU

was used in the experimentation. All the reagents were of
analytical grade and used without further purication.
3.2 Instrumentation

The probe resonant frequency was measured using Agilent
vector network analyzer (N9917A, 18 GHz). The UV-visible
absorbance spectrum was measured with Ocean Optics, Maya
Pro 2000 spectrophotometer. DLS analysis was performed using
Zetasizer Nano ZS90, Malvern Instruments, and FTIR spec-
troscopy was recorded with the help of ATR-8000A, Shimadzu.
3.3 Synthesis and characterization of gold nanoparticles

The Au NPs were prepared by the reduction of Au3+ using Tur-
kevich method.36 In brief, 20 mL of 1 mM HAuCl4 was reuxed
in a 50 mL conical ask for 15 min under constant stirring. To
this, 38.8 mM of citrate was rapidly injected, and the mixture
was further stirred for 40 min at 510 rpm. Maintaining the
reaction temperature at �85 �C yielded change in the colour of
the solution from pale yellow to cherry red and conrms the
formation of Au NPs. The peak absorbance of the synthesized
Au NPs was measured at 519 nm, and a resonance at 3.4 GHz
was obtained by dipping the probe tip in the colloidal solution
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04074a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

10
:4

8:
11

 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
of gold as shown in Fig. 5. It is important to understand that it is
the solution permittivity which causes the resonant frequency

to shi towards the lower side in the spectrum as, ff
1ffiffi
3

p , where

f is the frequency and 3 is the solution permittivity.

3.4 Detection of drugs

Initially, colorimetric detection of two vasodilator drugs
(amlodipine besylate and minoxidil) was independently carried
Fig. 6 Schematic of the sensing and measurement technique for the sp

Fig. 5 (a) UV-visible absorbance plot. (b) Probe reflection coefficient
(S11) of the unmodified Au NPs.

This journal is © The Royal Society of Chemistry 2017
out using unmodied Au NPs as sensing probe. The details of
the drugs are illustrated in ESI Table 1.† Briey, 100 mL of
different concentrations of amlodipine and minoxidil was
prepared in deionized water and separately added into 500 mL of
unmodied Au NPs. The resulting color change in the solution
aer 5 min of incubation at room temperature was analyzed
with UV-visible spectroscopy, DLS, and FTIR measurement to
study the aggregation mechanism of Au NPs with the drugs.
Immediately, aer the induced aggregation, the microwave
sensor probe tip was dipped into the solution, and a corre-
sponding shi in the resonant frequency was recorded. Thus,
the detection of two vasodilator drugs is based microwave
spectroscopy of the aggregated Au NPs, where, the aggregation
phenomenon of Au NPs amplies the signal response of the
probe unlike performing microwave spectroscopy of samples in
puried water. This technique is useful when the color change
in the solution cannot be distinguished with naked eyes and the
UV-visible spectroscopic results show ambiguity in the region of
peak absorption (ESI Fig. 2†). Next, the frequency responses
were calibrated to nd the LOD.
4. Results and discussion
4.1 Sensing mechanism and measurement technique

The solution pH is one the key parameter which enables
selective probing of the gold nanoparticles with the functional
groups of target drugmolecules. Since the dissociation constant
(pKa) value of amlodipine besylate is 8.6,37 and that of minoxidil
is 4.61,38 pH 4 buffer media was selected to facilitate a positive
charge on the drug molecules. At this pH, the surface of the
citrate-stabilized Au NPs acquires negative change, because of
rst pKa value of citrate being <4, and electrostatically interacts
with the molecules of the positively charged drug. Furthermore,
the active functional group (–NH2), electron rich N-atoms, and
the aromatic ring of the target drug molecules yield hydrogen
bonding, coordination interaction, and p–p interaction with
the unmodied Au NPs which mediates the aggregation. These
ectroscopy of two vasodilator drugs.

RSC Adv., 2017, 7, 30784–30791 | 30787
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conditions display higher sensitivity and selectivity for the
detection of two vasodilator drugs. The effect of different buffer
media on unmodied Au NPs was investigated to ensure that
SPR phenomenon can take place solely due to the nanoparticles
size, interparticle distance, the complex permittivity of the
suitable buffer media, and the functional groups of the analyte
drug. ESI Fig. 1† shows the absorption (ASPR/A519) of Au NPs in
the presence of TRIS, ammonium acetate, and PBS buffer. It was
found that PBS buffer changes the solution color to purple and
peak absorption was measured at a longer wavelength (l825). On
the other hand, TRIS and ammonium acetate showed wave-
length at l522 with an absorbance of 1.673 and 1.628. This shows
that TRIS buffer maintains close similarity with the color and
SPR band of the bare Au NPs and it can be used for the purpose
of sensing.

UV-visible spectroscopy has been widely reported for the
characterization of SPR phenomenon. It takes place in the
nanoparticles due to the morphological changes. First of all,
citrate as a reducing and stabilizing agent was used in the
preparation of Au NPs with the sole objective of developing an
alternate method for simple and sensitive detection of the
analyte drugs. Further, drug solution was prepared with the
help of aforesaid method, and the determined volume was
injected into the Au NPs colloidal solution to observe the color
change. The sample was characterized with a UV-visible method
to conrm the complexing of Au NPs induced by the drug. Aer
that, microwave spectroscopy was performed by transferring
200 mL of the sample into a multi-compartment cavity made
from polydimethylsiloxane (PDMS) and measuring the
frequency of resonance on VNA by dipping the bandgap-
inspired probe into the sample. Fig. 6 shows the complete
stages of the proposed method of analysis.
Fig. 7 DLS measurement. (a) Bare Au NPs. (b) Aggregation of
unmodified Au NPs induced by amlodipine besylate. (c) Minoxidil.

Fig. 8 UV-visible absorption plot of unmodified Au NPs, and their
conjugation with amlodipine besylate (100 mM) and minoxidil (10 mM).
4.2 Characterization

Au NPs of 7–13 nm facilitate better binding ability of unmodi-
ed nanoparticles with the drugmolecule.18 As shown in Fig. 7a,
the average hydrodynamic diameter of the synthesized gold
nanoparticles measured using DLS was found to be�11.5 nm. A
considerable increase in the average hydrodynamic diameter of
the unmodied Au NPs was observed aer modication with
amlodipine and minoxidil. Fig. 7b and c shows the increase in
average diameter to �342 and �105 for amlodipine and
minoxidil respectively. It indicates a decrease in the interpar-
ticle distance of Au NPs upon the addition of two drugs. This
also indicates the presence of more binding site in the amlo-
dipine drug compared to the minoxidil drug. The FT-IR spec-
troscopy was also studied to validate the organic framework on
the surface of Au NPs and sensing mechanism.

ESI Fig. 2† shows the FT-IR spectrum of pure amlodipine,
pure minoxidil, and their complexing with unmodied Au NPs
at pH ¼ 4 buffer media. The FT-IR spectra of amlodipine
besylate and minoxidil were recorded in the solid-state form,
whereas, the Au NPs sample was rst mixed with potassium
bromide, and then dried in the oven for 1 h for recording the
spectra in a solid-state form. It is revealed from ESI Fig. 2a,† that
the peak at 3155 cm�1 corresponds to the N–H stretching of
30788 | RSC Adv., 2017, 7, 30784–30791 This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Microwave resonance spectra and inset photographs of the corresponding AuNPs solution upon addition of (a and b) amlodipine besylate
(0.05–100 mM), (c and d) minoxidil (0.625–20 mM), (e and f) amlodipine besylate (100 mM) in the presence of minoxidil (100–500 mM).
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a primary amine group, and the peaks at 2948 cm�1 and 1614
cm�1 resembles the aromatic C–H and –C]C– stretching
vibrations for the pure amlodipine besylate pharmaceutical
drug formulation. Similarly, the peaks at 3423.72 cm�1 and
1643.98 cm�1 represents the N–H stretching and bending of
primary amines respectively in the pure minoxidil drug. More
importantly, a drastic decrease in the intensity of theses peaks
was observed in the spectra of Au NPs complex with amlodipine
and minoxidil as shown in ESI Fig. 2b and d.†

The above results conrm the involvement of active function
group –NH2, and benzene ring of the amlodipine in the induced
aggregation and shi in the SPR band. The UV-visible spectrum
was also recorded to ascertain the aggregation mechanism as
shown in Fig. 8. The shape of the absorption prole of Au NPs
was complete lost upon the addition of 100 mM amlodipine
besylate and 10 mM minoxidil.
Fig. 10 Derived calibrated curves from the probe resonance for
different concentration of the two vasodilator drugs added indepen-
dently into Au NPs solution. (a) Amlodipine Besylate. (b) Minoxidil.
4.3 Analysis and detection of vasodilator drug formulations:
microwave spectroscopy of Au NPs colorimetric probe using
resonant probe

Initially, the colorimetric assay on the two drugs (amlodipine
besylate and minoxidil) of different concentrations was per-
formed individually using unmodied gold nanoparticles. It
was done with the purpose of studying the extent especially
when the colour change of the solution becomes difficult to
analyze with naked eyes. In brief, a stock solution of amlodipine
besylate (100 mM) and minoxidil (20 mM) was prepared using
pH 4 TRIS buffer. We believe that for the condition pKa citrate <
pH 4 < pKa 8.6, a strong electrostatic force of attraction exists
between the Au NPs and two vasodilator drugs in concern.
Therefore, various concentrations of amlodipine besylate were
prepared from 100 mMdownwards, and the corresponding color
changes were recorded. Fig. 9b shows the color change of
solution from blue to purple and then magenta upon adding
100 mL of the drug into 500 mL of Au NPs in the range of 100–
0.05 mM. Immediately, microwave spectroscopy was performed
by measuring the reection coefficient (S11) of each sample
using the proposed metallic crystal loaded microwave resonant
probe. As shown in Fig. 9a, the resonant frequencies were
This journal is © The Royal Society of Chemistry 2017
obtained at 2.925 GHz, 2.9625 GHz, 3.0125 GHz, 3.05 GHz,
3.1735 GHz, 3.2 GHz and 3.2375 GHz for the amlodipine besy-
late concentration in the range from 100–0.05 mM. The spec-
troscopic observations were found consistent with the color
change in Au NPs solution from red through magenta, purple
and then to blue. As a result, the tted linear equation y ¼
0.001x + 0.382 in the range of 100–10 mM has R2 ¼ 0.9787 and
RSC Adv., 2017, 7, 30784–30791 | 30789
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Table 1 Analytical data obtained for the two vasodilator drugs using
unmodified Au NPs as colorimetric probe and MPC-inspired sensor
probe

Parameters
Unmodied
Au NPs

Au NPs aggregation
by amlodipine
besylate

Au NPs
aggregation by
minoxidil

Color Red Blue Blue
Size (nm) 11.57 �342 �105
SPR (nm) 519 648 687
Probe resonant
frequency (GHz)

3.4 2.925 2.875

Active functional
group in
aggregation
mechanism

— –NH2 –NH2

LOD — 164 nM 1.78 mM

Table 2 Repeatability and reproducibility analysis of the vasodilator
drugsa

Sample
Concentration
(mM)

Resonant frequencyb

(GHz)
Precisionc

(%)

Drug-1 10 3.0125 � 0.03 0.995
0.5 3.1735 � 0.025 0.787

Drug-2 625 3.1 � 0.041 1.322
100 3.25 � 0.015 0.461

a Drug-1: amlodipine besylate, drug-2: minoxidil. b Mean � standard
deviation (n ¼ 3). c Precision determined through % RDS as (standard
deviation O mean) � 100.
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linear equation y ¼ 0.1788x + 0.161 shows R2 ¼ 0.94 for
concentration in the range 10–0.05 mM (Fig. 10a). The calculated
LOD was found to be 164 nM. This shows that as the drug
concentration decrease, the solution permittivity also reduces
which shis the frequency of resonance towards the higher side
in the frequency spectrum and near to the frequency response
of bare Au NPs measured at 3.4 GHz.

Similarly, the conjugation of Au NPs with minoxidil drug was
investigated for different concentrations between 20–0.625 mM.
Fig. 9d shows a progressive change in the Au NPs solution color
from red to blue. Testing at the further lower concentration was
not favorable due to low solubility of the drug which may
otherwise result in erroneous reading. Through the in situ
analysis using the proposed microwave resonant probe, the
frequency of resonances were obtained at 2.875 GHz, 2.92 GHz,
2.98 GHz, 2.995 GHz, 3.01 GHz and 3.1 GHz in the range of 20–
0.625 mM drug respectively as shown in Fig. 9c. The linear trend
between the resonant frequencies (fr) and drug concentration is
found to be y ¼ 0.0073x + 0.3875, resulting in the coefficient of
determination R2 ¼ 0.96 with estimated LOD ¼ 1.78 mM
(Fig. 10b). The response of the probe was also tested for the
coexistence of minoxidil (100–500 mM) in amlodipine (100 mM)
in the solution ratio 1 : 2. It was observed that the presence of
minoxidil did not inuence the binding of amlodipine with Au
NPs, and distinct resonances were obtained, viz. 2.89 GHz, 2.93
30790 | RSC Adv., 2017, 7, 30784–30791
GHz, 3.085 GHz, 3.115 GHz, and 3.13 GHz as shown in Fig. 9e
and f. Table 1 summarizes the analytical data obtained from the
analysis of two drugs.

The performance of the probe was ascertained by repeating
the experiment with three iterations (n ¼ 3) on different
samples. The measured resonances for amlodipine besylate (10
mM, 0.5 mM), and minoxidil (625 mM, 100 mM) have lower
standard deviation as shown in Table 2. The precision deter-
mined through relative standard deviation (RSD) was found
<2% and demonstrates less uncertainty between the measure-
ments. In the results of probe reection coefficient (S11) for the
two vasodilator drugs, ripples in the resonance curve are likely
due to the continuous aggregation of Au NPs over time.
However, one should note that the resonant frequency points
will be unaffected, as the probe sensor is inspired by the elec-
tromagnetic bandgap properties which restrict any deviation in
the frequency of resonance. But, a lower value of standard
deviation still exists, which might be due to the slight error in
the position of the probe, and can be corrected using a position
control system or a xed clamp-type arrangement. Our results
suggest that the proposed analytical method of microwave
spectroscopy in combination with the colorimetric assay of gold
nanoparticles can be effectively used for the simple detection
and quantication of the analyte drugs.

5. Conclusions

A very economical, time-effective and simple analytical tech-
nique based on microwave spectroscopy of unmodied Au NPs
undergoing aggregation upon the addition of analyte at
optimum pH, has been reported in the present work. Our
proposed technique involving the distinct resonance curves for
different concentration of the two drugs in Au NPs, is much
simpler and user-friendly than that of UV-visible spectroscopy.
We demonstrated the detection and quantication of two
vasodilator drugs (amlodipine besylate and minoxidil) in their
pharmaceutical formulations, using unmodied Au NPs. The
applicability of our proposed technique can be further
enhanced to improve LOD (currently 164 nM and 1.78 mM for
amlodipine besylate and minoxidil, respectively) of the targeted
drugs by using surface-modied Au NPs, janus nanoparticles,
functionalized nanoparticles, etc. which may provide larger
scope of future work. Ripple in the resonance curves is one of
the identied challenge which occurs due to the dispersive
nature of Au NPs solution. The method was successfully tested
in the case where two drugs may coexist. The repeatability and
reproducibility test shows higher amount of precision has been
achieved. It anticipated that the analytical platform with
integrity of microwave sensor probe and Au NPs colorimetric
probe simultaneously holds potential for the analysis of drugs,
biomolecules, and pathogens.
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