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vel quantum dots for the

estimation of COVID-19 antiviral drug using green
chemistry: application to real human plasma†

Baher I. Salman, *a Adel Ehab Ibrahim,bc Sami El Deebbd and Roshdy E. Sarayac

The COVID-19 pandemic has encouraged the search for novel antiviral medications. Recently, molnupiravir

(MOL) has been approved as an oral antiviral to manage COVID-19. Thus, the development of sensitive and

cost-effective methods for quantification of MOL in real plasma samples (pharmacokinetic) and

pharmaceutical tablets is required. Herein, we present the fabrication of novel fluorescent polyamine

quantum dots (PA@CQDs) fabricated from apricots using one step synthesis for analysis of MOL. The

relative fluorescence intensity (RFI) of the synthesized quantum dots was influentially quenched by the

addition of molnupiraivr. The linear range was found to be between 2–70 ng mL�1 with lower limit of

quantitation (LOQ) equal to 1.61 ng mL�1. The fluorescent probe was successfully utilized in

a pharmacokinetic study of MOL with maximum plasma concentration (Cmax) 920.2 � 6.12 ng mL�1

without any matrix interference. The sensitivity and selectivity of the presented method allow its

application in clinical laboratories. CTE
D

1. Introduction

The COVID-19 pandemic emerged in late 2019 as an acute
respiratory disorder with about three hundred million cases
around the world and 5.4 million reported deaths.1 Elderly
patients more than 65 years are the most vulnerable category of
patients, with mortality rates of 6.26 and 3.35% among hospi-
talized and non-hospitalized patients.2 Even with limited pop-
ulation density in physically isolated islands, this pandemic
showed substantial incidence despite tight restrictive
measures.3 Although developed vaccines played an important
role to decrease the spread of COVID-19,4 antiviral medications
are still necessary to treat infected patients. Recently, MOL has
reached phase II/III clinical trials as an antiviral drug that
inhibits RNA replications, showing antiviral efficacy against
COVID-19 in mild to moderate infections.5,6 Hence, the devel-
opment of facile and cost effective analytical methods for the
estimation of MOL is essential especially in developing coun-
tries which do not have very advanced instrumentation.7 TheETR
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mation (ESI) available. See

631
literature describes only one liquid chromatographic (LC)
method for the quantication of MOL.8 Although LC methods
are reliable analytical methods, access to equipment is limited
in many developing countries.

Carbon quantum dots are intelligent nanomaterials that have
many applications in industry, and bio-medical analysis.9–11 In
recent years, uorescent carbon quantum dots acted as nano-
sensors for various applications due to their tunable
photoluminescence.12–15

This study describes the practical implementation of novel
and cheap polyamine carbon quantum dots (PA@CQDs) for
estimation of MOL in pharmaceutical formulations and human
plasma samples as a proof-of-concept to utilize PA@CQDs in
clinical laboratories.

A

2. Methodology part
2.1. Materials and reagents

MOL (99.96%) authentic powder was obtained from EIPICO,
Egypt. Molcovir® tablets (200 mg MOL/tablet) were manufac-
tured in India and purchased from local market of Egypt. All the
other chemicals as boric acid, phosphoric acid, acetic acid,
sodium hydroxide, methanol, ethanol, and acetonitrile from
(alpha Chem, Egypt). Apricot fruits were obtained from the local
market of Egypt.

Stock solution of MOL was prepared by dissolving 10 mg of
MOL powder into 100 mL ultra-pure water to obtain concen-
tration range equal to 100 mg mL�1. Further dilutions were
carried out using the same solvent to prepare working
solutions.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.2. Instruments

The dynamic light scattering measurements (DLS) were scan-
ned by Zetasizer Red badge instrument of ZEN 3600 Nano ZS
model (Malvern, UK). Transmission electron microscope (TEM)
images were captured on TEM Assembly Parts Power of JEOL
JEM-100CX II unit tungsten EM lament 120 (USA). Fourier-
transform infrared (FTIR) spectrometer, Germany. Ultrasonic
Cleaner (USA). pH-meter (China). Spectrouorimeter FS2
(Scinco, Korea). The powder X-ray diffraction (PXRD) was
scanned by Philips X-ray diffractometer.

2.3. Synthesis of green quantum dots

Carbon quantum dots were synthesized using thermolysis of
apricot. Firstly, 50 mL of apricot juice placed into a beaker and
covered with perforated foil. Then, incinerated in electric oven
at 180 �C for 4 h. Then product was crushed, and aggregates
transferred into foiled bottle. 100 mg of the product were
dispersed in 100 mL ultra-pure water, followed by sonication for
2 h to obtain homogenized mixture. The mixture was ltered to
remove large particles, and the ltrate was stored at 4 �C for
further use.

2.4. Fluorimetric procedure for determination of MOL

A total of 0.7 mL of PA@CQDs dispersion (0.15 mg mL�1) was
mixed with 1.0 mL of Britton–Robinson (BR) buffer (pH 6.5) into
5 mL volumetric ask, then 1 mL of working solution of MOL
was added to obtain the nal concentration range (2–70 ng
mL�1) and mixed thoroughly and the volume adjusted using
ultra-pure water. The uorescence was measured at lem 504 nm
aer 10 min (excitation 440 nm).

2.5. Preparation of real sample

MOL tablets (200 mg/tablet) was administrated as single oral
dose by 5 healthy volunteers. The blood samples were collected
aer time intervals (0.25, 0.5 to 9 h) into heparinized tubes. The
blood samples were centrifuged at 5000 rpm for 30 min to
separate the plasma. Two milliliter of acetonitrile were used as
protein precipitating agent.16,17 Then the centrifugation was
carried out at 4000 rpm for 15 min to separate the supernatant,
then analytical procedure (2.4. section) was followed.

2.6. Estimation in pharmaceutical product and content
uniformity test

Ten tablets of Molcovir® drug (200 mg MOL per tablet) were
weighed and nally powdered. An amount equivalent to 10 mg
from the powder were dissolved into 50 mL ultra-pure water
with sonication for 3 min followed by ltration to remove
undissolved excipients then volume completed to 100 mL with
ultra-pure water to get concentration of 100 mg mL�1.

For content uniformity test,18 each tablet of Molcovir® drug
was individually weighed and nally powdered. An amount
equivalent to 10 mg from the powder were dissolved into
50 mL ultra-pure water with sonication for 3 min followed by
ltration to remove undissolved excipients then volume
completed to 100 mL with ultra-pure water to get

RETR
© 2022 The Author(s). Published by the Royal Society of Chemistry
concentration of 100 mg mL�1. Then the analytical procedure
was followed.

2.7. Reusability of the CQDs as uorescent probes

The reusability of PA@CQDs was tested by recycling MOL esti-
mation 10 times using uorescent procedure of MOL. The
quantum dots were collected via centrifugation aer each cycle,
washed with ultra-pure water, ethanol, and dried at for 40 min
at 50 �C to be reused.

3. Results and discussion

In this study, novel green polyamine carbon quantum dots
(PA@CQDs) were synthesized based on hydrothermal carbon-
ization method for estimation of MOL using apricot fruits.
Apricot is a low-cost fruit and widely available in the local
market of Egypt; it contains varying components as carbohy-
drates, minerals, vitamin C and dietary ber. Thus, the apricot
fruit is the most suitable green product for synthesis of
(PA@CQDs). Therefore, the presented strategy was designed for
green synthesis of PA@CQDs by simple facile solvent-free
method. Furthermore, the prepared quantum dots have been
utilized as an efficient luminescent precursor for highly selec-
tive, sensitive, and cheap estimation of MOL.

3.1. Morphological characteristics of the quantum dots

The size diameter was determined using transmission electron
microscope (TEM), the particle size was found to be 3 nm� 0.52
as in Fig. 1a.

PA@CQDs average diameter was checked also using
dynamic light scattering (DLS) and the size was found to be
4 nm � 0.21 with good monodispersity 0.14 (Fig. 1b).

FTIR spectroscopy curve explains characteristic peaks appear
at 3410 cm�1 and 2900 cm�1 corresponding to (–NH, –OH) and
2900 cm�1 –CH groups respectively. The peaks at 1690 and
1360 cm�1 correspond to –C]O and –COOH groups which
conrms the presence of COOH on the surface of PA@CQDs. In
addition, the peaks at 1556 and 1293 cm�1 refer to N–O and C–N
stretching obtained from melatonin in apricot fruits19 (Fig. 1c).

The powder X-ray diffraction (PXRD) image was carried out
to study the formation of PA@CQDs, the peak at 25.54� is
a diagnostic peak of carbon dots (Fig. 1d).

The energy dispersive X-ray spectrometer (EDX) was carried
out to check the presence of C, N and O elements. The spectrum
shows the presence C, N, and O elements as in Fig. 2a.

The elemental analysis was carried out using X-ray photo-
electron spectroscopy (XPS). The XPS peaks of poly amine
carbon dots were observed as three characteristic strong peaks
at 285.1, 399.2, and 530.2 eV, respectively, corresponding to C
1s, N 1s, and O 1s. It signies that C-dots are mostly made up of
C (45.00%), O (33.99%), and N (21.1%) constituents (Fig. 2b).

The results refer to formation of N (21.1%) with percent
higher than previously reported methods (6.88%, 9.15%)20,21

due to surface passivation of carbon dots particles. In C 1s
spectrum (Fig. 2c) there are four peaks were observed at 283.5,
284.6, 285.4, and 287.5 eV, due to presence C]C, C–OH, C–N,

ACTE
D
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Fig. 1 Morphological characters of PA@CQDs, (a) TEM image of carbon dots, (b) DLS image for particle size, (c) FTIR spectroscopy for exam-
ination of PA@CQDs and (d) PXRD for quantum dots.
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and C]O groups, respectively.20,22 For O 1s spectrum has two
peaks for C–OH, C–O–C and C]O at 529.8 eV and 530.8 eV.†23

For N 1s spectrum, 2 peaks are observed at 399.8 eV and
401.4 eV, produced due to presence of C–N and N–H as shown
in Fig. 2d.24 The results demonstrate the structure of PA@CQDs
contain numerous of –NH2, which interpretate the interaction
between MOL and PA@CQDs via electrostatic interaction.
Fig. 2 (a) EDX spectrum for element analysis of carbon dots, (b) XPS spe
PA@CQDs.

16626 | RSC Adv., 2022, 12, 16624–16631

RETR

3.2. Quantum yield of PA@CQDs

The quantum yield (QY) of PA@QDs was studied via single point
method11 using the following equation:

QX ¼ Qst

IX

Ist

Ast

AX

h2

h2

A

ctrum, (c) C 1s spectrum and (d) N 1s spectrum for element analysis of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Spectral characterization of PA@CQDs, (b) excitation dependent emission spectra, (c) effect of temperature on quantum dots stability,
and (d) photo-stabilization of PA@CQDs.
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D

Qst is (uorescence quantum yield) for standard solution
(quinin sulphate as reference),25 (I) is the uorescence intensity,
h is the refractive index and A is absorption. The quantum yield
of polyamine quantum dots was found to be 37.19%.

3.3. Optical characters of PA@CQDs

PA@CQDs spectrum showed two peaks at 285 and 329 nm
(Fig. 3a). These peaks were referred to p–p* electronic transi-
tion of C]C and n–p* electronic transition of C]O related to
apricot carbon dots surface. Moreover, PA@CQDs produce
emission peak lem ¼ 504 nm (lex 440 nm), which indicate
optical characters of carbon.
Fig. 4 Effect of (a) pH for reaction of MOL with PA@CQDs, (b) reaction
dots with MOL, (e) Stern–Volmer curve for reaction of MOL with carbon

© 2022 The Author(s). Published by the Royal Society of Chemistry

RETR

Fluorescence (FL) spectra of PA@CQ-dots were scanned with

increased excitation wavelengths, increasing excitation wave-
lengths led to a red shi in the emission spectra of PA@CQ dots
from 440 to 500 nm, which was followed by a decrease in RFI,
conrming carbon dots excitation-dependent emission26

(Fig. 3b).
Moreover, the effect of temperature in the range of (25–60 �C)

on relative uorescence intensity (RFI) of PA@CQDs was
studied. Increasing temperature beyond 25 �C declined the
uorescence intensity (Fig. 3c). Moreover, the photostability of
quantum dots was studied by exposing PA@CQDs to UV light
for different time intervals from 1 to 100 min. The particles

AC
time, (c) PA@CQDs concentration, (d) quenching reaction of quantum
dots.

RSC Adv., 2022, 12, 16624–16631 | 16627
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showed high stability under UV radiation and FI was not
decreased aer 100 min of illumination Fig. 3d.

3.4. Optimization of the methodology

The effect of pH on RFI of PA@CQDs in presence and absence of
MOL was checked. Stable quenching of carbon dots was
observed in the range of pH from 6 to 7.5, rising the pH (7.5–10)
led to unstable decline in RFI due to presence of varying func-
tion groups.27 So, pH 6.5 was selected as optimal point for the
reaction (Fig. 4a).

The efficacy of uorescence quenching in the presence of
MOL was investigated at different time intervals ranging from
0 to 50 minutes. Within 10 minutes, the maximal uorescence
quenching of PA@CQDs was achieved, and no further quenching
was detected as the reaction time was increased (Fig. 4b).

As seen in Fig. 4c, the spectrum demonstrates effect of volume
of PA@CQDs. Different concentrations of carbon dots were
tested (0.05, 0.1, 0.15, 0.2 and 0.25 mg mL�1), it was found that
0.15 mg mL�1 (0.7 mL) is the most stable quenching obtained.

3.5. Reaction of MOL with PA@CQDs validation

The reaction was validated using International Conference of
Harmonization (ICH) and US-FDA rules.28,29 The quenching of
PA@CQDs with MOL was measured at 504 nm (excitation at 440
nm) (Fig. 4d).

Using the Stern–Volmer equation, good linearity was estab-
lished within the range of 2–70 ng mL�1, with a correlation
coefficient of 0.9992 (Fig. 4e).

F0/F ¼ 1 + KSV[Q]

The uorescence efficiencies of the PA@CQDs in the absence
and presence of the MOL, respectively, are F0 and F. Ksv is the
Stern–Volmer constant while [Q] is the quencher conc.

The presented work is considered an ultra-sensitive one with
lower limit of detection (LOD) value 0.58 ng mL�1 and lower
limit of quantitation (LOQ) 1.78 ng mL�1 as seen in Table 1. The
following formula was applied to determined LOQ and LOD
based on ICH guidelines. LOQ¼ 10s/slope, LOD¼ 3.3s/slope, s
is standard deviation.

To study the accuracy of the proposed method, different
concentrations of MOL (5.0, 10.0, 20.0, 50.0, and 70.0 ng mL�1)

TR
Table 1 Analytical parameters for estimation of MOL using PA@CQDs

Parameter MOL

lex (nm) 440
lem (nm) 504
Concentration range (ng mL�1) 2–70
Determination coefficient (r2) 0.9992
Slope 0.028
Intercept 0.967
SD the intercept (Sa) 0.005
LOD* (ng mL�1) 0.58
LOQ** (ng mL�1) 1.78

16628 | RSC Adv., 2022, 12, 16624–16631

RE

were used. As shown in Table S1,† the percent of recovery was
ranged from (99.65 to 100.77%) with RSD values ranging from
0.39 to 0.96.

Furthermore, the methodology's repeatability was investi-
gated utilizing three concentrations (20.0, 40.0, and 60.0 ng
mL�1) three replicates. The RSD value was (0.20 to 1.05) as
shown in Table S1,† indicating high reproducibility.

Intra-day and inter-day precision were surveyed utilizing
three concentrations (20, 40 and 60 ng mL�1) and three repli-
cates of each concentration in different laboratories with
different instruments. The relative standard deviation (%RSD)
values were ranged from (0.20 to 0.61%) to be very small below
2% indicating good repeatability and reliability of the analytical
technique.

In addition, three concentrations were used in a bio-
analytical validation investigation (5, 10, and 50.0 ng mL�1).
As shown in Table S2,† the RSD value ranged from 1.50 to 1.95.
The robustness of the PA@CQDs approach was tested by
making minor change to the analytical procedure's parameters.
It was observed there was no signicant effect for small change
in method variables as shown in Table S3.†

Stability of MOL in human plasma was investigated under
various settings, as shown in Table S4.† The results (Table S4†)
show that MOL is stable under a variety of different conditions.

Further, incurred sample reanalysis (ISR) was carried out to
evaluate accuracy and precision of incurred plasma sample. The
difference in the values between initial samples and incurred
samples did not exceed than 3.80 to 5.11% Table S5.†

The selectivity of the proposed method was tested to check
the excipient interference. MOL was tested in the presence of
talc, starch, mannitol, magnesium stearate, lactose, and
sodium chloride, among other excipients. The results show that
there was no inuence from the excipients, indicating that the
suggested procedures have a high selectivity (Table S6).†

ACTE
D

3.6. Suggested reaction mechanism

The reaction mechanism between MOL and PA@CQDs was
interpretated with Stern–Volmer equation11,26 as:

F0/F ¼ 1 + KSV[Q]

The linearity of Stern–Volmer plot is a clear indication on
the dynamic quenching mechanism. MOL interacts with the
excited PA@QDs resulting in energy/electron transfer and led
to quenching of the uorescence of the quantum dots. This
process is exactly described by the Stern–Volmer model
(Fig. 4e).

In addition to the presence of multiple function groups in
MOL structure as (Fig. S2†) OH groups allowed to formation
hydrogen bonding and electrostatic attraction between MOL
and polyamine carbon dots.27
3.7. Comparison method study

MOL has been recently approved as the rst oral antiviral for
treatment of COVID-19 viral infections. The reported method
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Selectivity of the carbon dots with varying antiviral drugs, and (b) lifetime stability curve.
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ED
for estimation of MOL using LC-MS/MS8 has varying drawbacks
as using very expensive equipment, need expensive organic
solvents and special handling of the samples. However, the
presented work is very cheap, economic, highly sensitive (LOD
¼ 580 pg mL�1), selective and green method for estimation of
MOL.
 C
3.8. Reusability of PA@CQDs for assay of MOL

The reusability of carbon dots was checked via estimation of
MOL 10 times as seen in Fig. S3.† It was found that there was no
signicant change of RFI system during the recycling study,
showing the good reusability of carbon dots for 10 cycles. So,
good reusability of PA@CQDs suggested favored long-term use.
3.9. Selectivity and lifetime stability of the PA@CQDs

The selectivity of the quantum dots reaction with MOL was
studied in the presence of varying antiviral drugs as ritonavir
(RIT), acyclovir (ACY), oseltamivir (OST) and favipiravir (FAV).
The selectivity study of PA@CQDs was observed in Fig. 5a.

R

Table 2 Pharmacokinetic study for estimation of MOL using
PA@CQDs

Time (h) Found (ng mL�1) Parameters Results

0.25 20.12 � 3.55 Cmax (ng mL�1) 920.2 � 6.12
0.5 355.93 � 2.32 Tmax (h) 1.5 � 0.25
1.0 920.21 � 6.12 t1/2 (h) 1.30 � 0.21
1.5 550.11 � 2.21 AUC (ng h mL�1) 1750 � 22.54
2.0 410.59 � 1.11
2.5 380.33 � 3.76
3.0 300.3 � 1.60
3.5 266.84 � 1.60
4.0 220.70 � 1.09
4.5 160.88 � 0.70
5.0 140.01 � 0.79
5.5 100.60 � 0.40
6.0 90.04 � 0.33
7.0 80.44 � 6.90
8.0 73.99 � 2.44
9.0 60.43 � 3.20

© 2022 The Author(s). Published by the Royal Society of Chemistry

RET

It was observed no signicance quenching with ritonavir

(RIT), acyclovir (ACY), oseltamivir (OST) as in Fig. 5a. However,
marked enhancement to PA@CQDs was observed (Fig. 5a) in
presence of FAV due to presence of uorine atoms which
formed hydrogen bonding with PA@CQDs as previously re-
ported.30 Moreover, lifetime stability was studied in presence
and absence of MOL with PA@CQDs. As in Fig. 5b quenching
effect of MOL was observed by decrease in the intensity of QDs.

T

3.10. Applications of PA@CQDs in human plasma

Owing to the high sensitivity of the proposed method, it was
successfully applied for estimation of the studied drug in
human plasma. MOL was determined in human plasma, where
the % recovery results were found to be in the range from 96.16
� 1.21 to 98.80 � 0.92% using the investigated method as
described in Table S7.†

The pharmacokinetics of MOL has been evaluated using
healthy human volunteers. The pharmacokinetic parameters

A

Table 3 Content uniformity for estimation of MOL in pharmaceutical
product using the proposed method

Dosage form no.

% Labeled claim

Molcovir® tablets (200 mg MOL/tab)

1 99.11
2 100.45
3 98.99
4 99.11
5 100.22
6 98.88
7 100.11
8 99.60
9 99.93
10 100.02
Mean 99.64
SD 0.57
RSD 0.57
Acceptance value (AV)a 1.4
Max. allowed AV (L1)a 15

a Acceptance value ¼ 2.4 � SD.
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were studied using a single oral dose (200 mg). The results were
observed, where Cmax was found to be 920.20 � 6.12 ng mL�1,
Tmax is 1.50� 0.25 h. The obtained results were showed in Table
2 and were closely related to the previously reported method.31
3.11. Content uniformity test and pharmaceutical dosage
form

The PA@CQDs approach was successfully used to determine of
MOL in pharmaceutical dosage form with satisfactory results
and good recovery (101.44 � 0.70). The basic approach
according to USP recommendations18,32 was used to estimate
the content uniformity test for MOL. Individual percentage
recoveries were computed aer analyzing the composition of
each tablet. Table 3 shows the percentage of recovery.
4. Conclusion

This study describes the rst green chemistry-based synthesis of
PA@CQDs as uorescent probes for sensitive estimation of
MOL in real human plasma. The produced uorescent QDs
have uorescent quantum yield equal to 37.19%. The QDS was
successfully applied for the determination of MOL in plasma
samples with maximum plasma concentration equal to 920.2 �
6.12 ng mL�1. The presented study can be easily applied in
clinical laboratories and therapeutic drug monitoring system.
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