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highly specific and selective
aptamers using modified SELEX and their use in
process analytical techniques for Lucentis
bioproduction†

Tanu Bhardwaj,a Anurag S. Rathore b and Sandeep Kumar Jha *a

Aptamers for Lucentis were selected using 10 rounds of a modified and highly stringent SELEX process.

Affinity column chromatography was used for the binding, partitioning, and elution steps, and the

regeneration of ssDNA was performed via asymmetric PCR in the SELEX process. The interaction of

aptamers with Lucentis was studied by means of the HADDOCK web server docking program. In

addition, the secondary structures of aptamers were interrogated using the mfold web server to check

common regions responsible for better affinity towards Lucentis. The two best aptamers for Lucentis

(aptamers 1 and 25) were found to have dissociation constant (Kd) values between 23 and 35 nM by

means of thermofluorimetric and non-faradaic impedance spectroscopy (NFIS) analysis. The low

dissociation constants in the nanomolar range showed the high specificities of the aptamers for Lucentis.

Selectivity tests were also performed using both aptamers with different proteins in which negligible

responses were obtained from interfering proteins with respect to Lucentis. Although neither of the two

aptamers showed prominent responses to the interfering proteins, slightly better selectivity was shown

by aptamer 1. The same aptamers were tested for their application in the detection of Lucentis in spiked

and real media broth samples. For this detection test, interdigitated (IDT) gold electrodes on a glass

substrate were fabricated using standard photolithography and thermal deposition techniques. NFIS

measurements were used for the label-free detection of Lucentis in samples. The linear ranges of

detection for aptamers 1 and 25 were found to be 22–100 nM and 40–100 nM, respectively. The LODs

for aptamers 1 and 25 were calculated to be 22 nM and 40 nM, respectively, which were significantly

better than the values from a HPLC-based detection method (about 240 nM). The real sample analysis

results were cross-checked via a standard HPLC method, and better correlation was found between the

HPLC and aptamer 1 results than the aptamer 25 results; hence, aptamer 1 can be further analyzed and

tested for use in affinity column chromatography and detection-kit/chip-based PAT for Lucentis

bioproduction.
Introduction

Wet age-related macular degeneration (AMD) involves the
abnormal growth of blood vessels underneath the macula due
to enhanced levels of vascular endothelial growth factor A
(VEGF-A). Lucentis, or ranibizumab, is a monoclonal antibody
fragment (Fab) of recombinant humanized monoclonal anti-
bodies and acts as an anti-VEGF-A therapeutic drug. It is
injected into the eyes of patients for the treatment of this
disease.1,2 This anti-VEGF drug cancels out the effects of VEGF-A
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on the macula and improves vision.3 Unfortunately, despite the
outstanding medical applications of this drug, the low
production yields of Lucentis in bioreactors along with the
absence of a suitable low-cost high-affinity biomolecule for
process analytical techniques (PAT) makes treatment very
expensive.4 Not limited to this, there have been delays in clone
selection processes and initial optimization studies for
enhancing the yield of Lucentis, resulting in the deployment of
tedious and expensive offline analytical techniques like high-
pressure liquid chromatography (HPLC).5 Due to scarcity of
high-affinity biomolecules for Lucentis, Lucentis purication
processes are also hampered. Hence, high-affinity biomolecule-
based PAT for its bioproduction would be highly desirable.

In the last couple of decades, aptamers (single-stranded
nucleic acids) have emerged as alternatives to antibodies and
other ligands for affinity assays and purication processes due
This journal is © The Royal Society of Chemistry 2020
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to the possibility for their in vitro bulk production using poly-
merase chain reaction (PCR) technology, their easy modica-
tion without loss of affinity, and their better stability under
adverse conditions. They have been proven in some cases to be
better candidates than antibodies, with comparable binding
affinities towards target analytes, resulting in the replacement
of some antibody-affinity tests with aptamer-affinity tests.6–10

Moreover, between ssDNA and RNA aptamers, ssDNA aptamers
are found to be superior due to their resistance to nucleases.11

These aptamers are generated for target analytes using
systematic evolution of ligands by exponential enrichment
(SELEX). With this method, a mixture of aptamers is incubated
with a target analyte and specic high-affinity aptamers are
puried from the mixture via partitioning non-binding low-
affinity aptamers. SELEX comprises of a repetitive cycle
involving ve primary steps: the binding of aptamers with the
target analyte; the partitioning of non-binding low-affinity
aptamers from high-affinity aptamers using affinity methods;
the elution of high-affinity aptamers; the amplication of the
eluted aptamers; and the regeneration of aptamers for the next
round of SELEX.10,12 SELEX has already been employed for the
generation of aptamers for many target analytes.9,10,13–19 To
complete SELEX within a few cycles and get high-affinity
aptamers, the stringency of each cycle is found to play
a crucial role. The stringency is increased with each SELEX cycle
to li the level of competition amongst aptamers, and only
high-affinity aptamers are going to win out under highly adverse
conditions.20

In this research, we reported the generation of highly specic
and selective ssDNA aptamers (Fig. 1) for Lucentis using only 10
Fig. 1 A schematic illustration of the steps involved in the SELEX proces

This journal is © The Royal Society of Chemistry 2020
rounds of SELEX via employing highly stringent techniques
together in each cycle. Then, the dissociation constant (Kd)
values of the aptamers were found using thermouorimetric
and non-faradaic impedance spectroscopy (NFIS) methods. The
docking of aptamers with Lucentis and the secondary structures
were studied using the HADDOCK and mfold web servers. In
order to check the application of these aptamers for the detec-
tion of Lucentis during different phases of its bioproduction
(PAT), spiked and real media broth samples were analysed
using aptamer-immobilized gold interdigitated electrodes and
NFIS.
Results and discussion
The optimization of symmetric and asymmetric PCR for the
regeneration of ssDNA

Aer the elution of the ssDNA aptamers in each SELEX cycle,
PCR amplication was used to generate dsDNA. Hence, every
subsequent SELEX cycle demanded the regeneration of ssDNA
aptamers to accomplish binding with target analyte, which was
done in our work using asymmetric PCR.21 First, the number of
cycles and annealing temperature for symmetric PCR were
optimized to get a better yield of dsDNA for carrying out
asymmetric PCR. Different numbers of PCR cycles (10, 15, 20,
25, 30, and 35) were used for the amplication of the ssDNA
aptamers, and the products were seen on 4% agarose aer gel
electrophoresis. It can be interpreted from the gel images
shown in Fig. S1(a)† that an 80 bp dsDNA band originated in
lanes 2–7 with a faint non-specic band at a low bp position.
Aer 10 PCR cycles, the 80 bp dsDNA band was extremely light;
s.
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it became prominent for 15 to 35 PCR cycles, with the existence
of a faint non-specic band. Along with this, non-specic bands
were observed in lanes 5–7 in negative-control PCR samples
(Fig. S1(b)†) for 25–35 cycles, as the risk of opportunistic mis-
pairing increases with a higher number of cycles. Hence, it can
be interpreted that 20 PCR cycles provided the most intense
dsDNA band at the 80 bp location with the least non-specic
bands (no band in the negative control). Similarly, different
annealing temperatures of 45, 50, 55, 60, and 65 �C were tested,
and the products can be seen in the gel images in Fig. S2.† The
intensity of the dsDNA band increased upon increasing the
annealing temperature from 45 to 55 �C and decreased at higher
temperatures. Hence, it can be concluded that the maximum
yield of dsDNA at the 80 bp location was seen at an annealing
temperature of 55 �C with minimum levels of non-specic
products. Therefore, 20 PCR cycles and an annealing tempera-
ture of 55 �C were chosen as the nal conditions for symmetric
PCR.

Then, for the regeneration of ssDNA aptamers from dsDNA,
different primer ratios (10 : 1, 20 : 1, 100 : 1, and 500 : 1
(reverse : forward)) were used, and it can be observed in the gel
image in Fig. 2 that an additional band near 50 bp appeared
along with the 80 bp dsDNA band aer asymmetric PCR (lanes
5–8). This band originated due to ssDNA aptamers, which
travelled faster than dsDNA due to their low molecular weight.
From a primer ratio of 10 : 1 to 20 : 1, the yield of ssDNA
aptamers (high-intensity band) exceeded that of dsDNA, but
this decreased at primer ratios of 100 : 1 and 500 : 1. In our
case, the most intense ssDNA aptamer band was obtained at
a primer ratio of 20 : 1 (reverse : forward) in lane 6 with the
lowest yield of dsDNA; hence, for the regeneration of ssDNA
aptamers in the SELEX process, this primer ratio was used.
Further, using this primer ratio, the number of PCR cycles used
for asymmetric PCR was also optimized, testing 10, 15, 20, 25,
30, 35, and 40 PCR cycles. A gel image is shown in Fig. S3(a).† It
can be seen that the ssDNA aptamer band intensity increased
upon going from 10 to 30 cycles and beyond this there was a dip
in the band intensity. Meanwhile, as seen in Fig. S3(b),† from 25
to 40 cycles, the formation of non-specic bands was seen in
Fig. 2 The gel electrophoresis of asymmetric PCR products at
different primer ratios (left to right): lane 1: 50 bp ladder; lane 2: pure
ssDNA library; lanes 3–4: PCR products of ssDNA library; lanes 5–8:
asymmetric PCR products at primer ratios of 10 : 1, 20 : 1, 100 : 1, and
500 : 1, respectively, on 4% agarose gel.
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negative controls due to a higher number of PCR cycles being
used. Hence, we can conclude that 20 PCR cycles during
asymmetric PCR resulted in better yields of ssDNA aptamers in
comparison to dsDNA, with no non-specic band in the nega-
tive control. The same annealing temperature was used for
asymmetric PCR as the primers were the same for both
symmetric and asymmetric PCR.
The in vitro selection of aptamers via SELEX

For the selection of specic aptamers for Lucentis, an N40
ssDNA random library was used, anked by the constant
priming regions required for PCR amplication during the
SELEX cycles. Aptamers were selected using Lucentis-
immobilized Sepharose beads as the xed matrix in affinity
chromatography. The immobilization of Lucentis on Sephar-
ose beads was conrmed using Fourier-transform infrared
spectroscopy (FTIR). FTIR spectra from Sepharose beads
before and aer the immobilization of Lucentis were recorded
and are shown in Fig. S4† and discussed in Section S1 in the
ESI.†

In SELEX, the number of cycles used directly depends on
the strategy used for selection and the stringency of the cycle;
for example, by decreasing the concentration of the immobi-
lized target and the incubation time, increasing the number of
washing steps, and expanding the elution procedure, higher
stringency is obtained. Our SELEX procedure consisted of
three phases: a exible phase, a medium stringency phase,
and a highest stringency phase. The purpose of the rst ex-
ible phase was to: (i) boost the ssDNA library with aptamers
that have affinity, lower or higher, for Lucentis; and (ii) remove
the large number of unwanted non-binding aptamers from the
ssDNA library. In the exible phase, the concentration of
immobilized Lucentis in the column was 2.3 mg, the incuba-
tion time was 60 min, the volume of washing buffer was low,
and a single elution technique was used, i.e., 3 M NaCl. In the
rst SELEX cycle, a single copy of each aptamer was present in
Fig. 3 The ssDNA yield eluted in each SELEX cycle for Lucentis.

This journal is © The Royal Society of Chemistry 2020
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the library, and the elutant also contained single copies of the
aptamers that have affinity for Lucentis. Hence, this cycle was
the most crucial for not missing any highly specic aptamers
and, therefore, was kept the easiest. This can be interpreted
from the elutant yield from the rst cycle; only 1.86% of the
aptamers in the ssDNA library showed some affinity for
Lucentis and non-binding aptamers were partitioned during
the washing step (Fig. 3). Next, two cycles were used to boost
this ssDNA library with aptamers from low to high affinity
under the least stringent conditions. The improvement in the
ssDNA library during these two cycles could be seen via the
increase in the elutant yield (from 10 to 16.2%), as seen in
Fig. 3. This fact proved that the number of copies or ssDNA
aptamers showing some affinity for Lucentis increased in
these two cycles.

Aer obtaining a sufficient pool of aptamers in the rst
exible phase, the medium stringency phase (4–6th cycle) star-
ted, in which the concentration of immobilized Lucentis and
the incubation time were reduced to 0.25 mg and 30 minutes,
along with an increase in the volume of washing buffer. The
purpose of this phase was to: (i) remove low-to medium-affinity
aptamers from the library; and (ii) boost the library with high-
affinity aptamers via providing stringent conditions that can
be tolerated only by highly specic aptamers for Lucentis. In the
fourth SELEX cycle, a decrease was seen in the amount of eluted
aptamers due to the abrupt increase in stringency (14.6%). In
the next two cycles (5–6th), the aptamer yield in the elutant
increased (from 20.7 to 60.6%) showing an increase in the
number of aptamers with high affinity for Lucentis retained in
Table 1 ssDNA aptamer sequences for Lucentis obtained after the SEL
zumab, Indian patent application no. 201811044185 dated 23-11-2018)

Selected ssDNA aptamer sequences (50 to 30)

1 AGGGAAGAGAAGGACATATGATGGGGGCTAGTATC
2 CAAGTGTTTTATGTACTAGTCAACTCGTGACCACAT
3 CAAGTGCCTCTTGTACTAGTCAACCATGCCATGACT
4 AGGGAAGATAAGGACATATGATCACAGACTGCCCAT
5 CAAGTGGTTTTTGTACTAGTCAACACGCTTAACTCG
6 AGGGAAGAGAAGGACATATGATCACCAGCACGTTG
7 AGGGAAGAGAAGGACATATGATGACGGCTGGATCT
8 AGGGAAGAGAAGGACATATGATTGTGCAATACGAGA
9 CAAGTGGTCATGTACTAGTCAATGCAAGTGTAATTG
10 CAAGCTGGTCATGTACTAGTCAACCATGCCATGACT
11 ACGTAAGAGAAGGACATATGATGGCCATCGACCCTA
12 CAAGTGTGTCATGTACTAGTCAACACAACGGAATCA
13 AGGGAAGTAGAAGGACATATGATGACACATTGAGAC
14 CAAGTGGTCATGTACTAGTCAATCCGCAAGGTATGG
15 CAAGTGGTCATGTACTAGTCAATGCAAGTGTAATTG
16 CAAGTGGTCATGTACTAGTCAATCCGCAAGGTATGC
17 CACGTTGTTCATGTACTAGTCAATCCGCAAGGTATG
18 AGGGAAGTAGAAGGACATATGATGACACATTGAGAC
19 CAAGTGTTTCATGTACTAGTCAATGATCCGCTCCTG
20 ACTGGTAAGAGAAGGACATATGATGCAGCAGGTTG
21 CAAGTGGTCATGTACTAGTCAACGGCCGGCACTGG
22 ATGTTAATAGAAGGACATATGATGGGCGGGCAACG
23 ACGTTAATAGAAGGACATATGATCGCCCCCTGTACG
24 AGGGAAGAGAAGGACATATGATGACTACTCGCAGT
25 AGGGAAGAGAAGGACATATGATAAGGCTCTGAACG

This journal is © The Royal Society of Chemistry 2020
the column that tolerated the existence of stringent conditions
(Fig. 3). Meanwhile, an increase in the number of washing steps
reduced the number of low-to medium-affinity aptamers in the
elutant.

Then, the next four cycles (high stringency phase) of SELEX
were made more stringent to create competition between the
high-affinity aptamers to nd the best binding aptamer for
Lucentis that can withstand adverse conditions, like decreases
in the concentration of Lucentis and incubation time to 0.1 mg
and 15 minutes, an increase in the number of washing steps,
and the application of three different elution techniques
together. In this phase, the aptamers yield increased from 70 to
80% from the seventh to the ninth SELEX cycle, even aer
applying the most stringent conditions, as shown in Fig. 3. This
fact proved that the column retained only highly specic
aptamers that could tolerate the adverse conditions that expo-
nentially increased in stringency in this last phase of SELEX. In
the last two cycles (9–10th), we did not notice any increase in the
yield of aptamers, which suggested that we had reached a pool
that contained highly specic aptamers for Lucentis and that
there are no further requirements for enrichment. The overall
strategy used for SELEX is summarized and shown in Table S1.†
Sequence analysis and docking simulation aer SELEX

The 25 specic ssDNA aptamers for Lucentis shown in Table 1
were obtained aer cloning and a DNA sequencing study of the
elutant upon the completion of the 10th SELEX cycle. Protein
Data Bank (PDB) format les of the chains of Lucentis (heavy
EX process (Sandeep K. Jha and Tanu Bhardwaj, Aptamers for Ranibi-

GACGTCTGCCTATGTTGTTAGTCGGTGTTGACTAGTACATGACCACTTG
GAAATGTACACCCAACACCTCGCCTTGATCATATGTCCTTCTCTTCCCT
GTGTGACCTAGGGTACTAGATGCCTCGATCATATGTCCTTCTCTTCCCT
TGTCACTTTCGATAGTCGGAATGTGCTTGACTAGTACATGACCACTTG
GACGTTGTCTAACCAGTCGTTCCCCTCAATCATATGTCCTTCTCTTCCCT
CACCAAATCCACAACAGTTCCCCCGCGTTGACTAGTACATGACCACTTG
TTCAGAACCTAGGTAACATGTACTGGCTTGACTAGTACATGACCACTTG
CCACTCACAATGATAATAAGATCCGTTTGACTAGTACATGACCACTTG
ACACCGGCTCACCAGCACAGGACCGCATCATATGTCCTTCTCTTCCC
GTGTGACCTAGGGTACTAGATGCCTCGATCATATGTCCTTCTCTTCCCT
TCGACCCATCACCGTACTTAGCGTGCTTGACTAGTACATGACCACTTG
AGGTAACTCGATACGCACTTGGTACGCATCATATGTCCTTCTCTTCCCT
CTATCTACTCGATTCCCTAAGTTGTGGTTGACTAGTACATGACCACTTG
GCAGGACGCGACAAGTCCCAGTGGTGATCATATGTCCTTCTCTTCCCT
ACACCGGCTCACCAGCACAGGACCGCATCATATGTCCTTCTCTTCCCT
GCAGGACGCGACAAGTCCCAGTGGTGATCATATGTCCTTCTCTTCCCT
GGCAGGACGCGACAAGTCCCAGTGGTGATCATATGTCCTTCTCTTCCCT
CTATCTACTCGATTCCCTAAGTTGTGGTTGACTAGTACATGACCACTTG
GTAGTTTCTCGCACCTTGGTGTTCCTGATCATATGTCCTTCTCTTCCCT
CACGTTTACCGTAGGTCGTCTAGTCCTTATTGACTAGTACATGAC
ACGTTCTAGCTCTATCCTGACGAGCTCATCATATGTCCTTCTCTTCCCT
TAGGGTCTATACCCCTTGTCATGGTGCGTTGACTAGTACATGACCACTTG
AAGCGGACGGATGCAAGCGCACCTCCTTTGACTAGTACATGACCACTTG

CTCACCATTGATATTATGGGGCGTTCATTGACTAGTACATGACCACTTG
TGCTAAGAGATCGTTGTAGTGAGCTGGTTGACTAGTACATGACCACTTG

RSC Adv., 2020, 10, 28906–28917 | 28909
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and light) were obtained from the RCSB PDB website. The active
and passive sites of the heavy and light chains of Lucentis were
discovered and analyzed using the I-TASSER web server. Then,
each aptamer was docked with both chains of Lucentis (heavy
and light) using the HADDOCK web server, and the root-mean-
square deviation (RMSD) of each docking pair was checked and
compared, as shown in Table 2. Out of the top ten docking pair
models/clusters provided by the HADDOCK web server, the top
model was selected due to its highest reliability and negative Z-
score according to the analysis. Two main criteria for the
selection of an aptamer were as follows. (i) The RMSD should be
less than 1.5 Å for two specically bound molecules.22 However,
to achieve high-affinity models in our case, the RMSD cut-off for
selection was 1 Å. Only those docking pairs that had a RMSD
less than 1 Å would be selected for further analysis (i.e. criteria
(ii)) (Table 2). (ii) As only passive sites were free for interactions
with aptamers in an intact molecule of Lucentis, the aptamers
that were found to interact with the active sites of heavy or light
chains (already occupied with each other) of Lucentis were
directly eliminated (interactions of sequences 3, 7, 10, 15, 17,
20, 22, 23, and 24 with the heavy chain; sequences 4, 7, 15, and
17 with the light chain) (Fig. S5†). Upon applying these two
conditions to all 25 aptamers, aptamers 1, 9, 14, and 25 were
found to exhibit high affinity towards the heavy chain of
Lucentis and, hence, were suitable for further experimental
analysis. At the same time, they did not bind to the light chain
of Lucentis, which indirectly showed the specicity and selec-
tivity of these aptamers for the heavy chain only.
Table 2 The RMSD values obtained after docking simulations
between the ssDNA sequences and heavy/light chains

Seq.
RMSD for heavy
chain and ssDNA (Å)

RMSD for light
chain and ssDNA (Å)

1 0.8 � 0.5 1.9 � 1.6
2 1.6 � 0.9 33.4 � 0.2
3 1.0 � 0.6 30.5 � 0.5
4 10.1 � 0.3 1.2 � 0.7
5 1.5 � 0.8 8.3 � 0.6
6 2.0 � 1.5 32.9 � 0.1
7 0.9 � 0.6 0.8 � 0.5
8 28.5 � 0.1 3.2 � 1.0
9 0.8 � 0.4 32.7 � 0.6
10 0.8 � 0.5 1.8 � 1.0
11 1.7 � 1.2 3.6 � 2.1
12 1.2 � 0.8 31 � 0.1
13 6.2 � 0.8 11.5 � 0.5
14 0.8 � 0.5 1.9 � 1.1
15 1.4 � 1.0 0.9 � 0.6
16 1.5 � 1.0 28.9 � 0.1
17 1.1 � 0.6 0.9 � 0.5
18 1.9 � 1.5 19.5 � 0.1
19 30.3 � 0.1 32.6 � 0.2
20 1.0 � 0.6 1.2 � 0.8
21 11.8 � 0.5 1.3 � 0.9
22 0.7 � 0.4 23.8 � 0.5
23 27.7 � 0.5 13.0 � 0.5
24 1.0 � 0.6 2.0 � 1.2
25 0.9 � 0.6 1.4 � 1.0
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Aptamer–Lucentis binding assays and the evaluation of
dissociation constant (Kd) values using thermouorimetric
and non-faradaic impedance (NFIS) analysis

While docking simulations are required to minimize the need
to experimentally evaluate the binding affinities of all the
generated aptamers, binding assays are necessary to conrm
the specicity and affinity of an aptamer towards the target
analyte. Hence, the four selected aptamers were tested for their
binding affinities towards Lucentis using thermouorimetric
analysis. In this method, the melting peaks of the aptamers and
aptamer–Lucentis complexes were recorded using real-time
PCR thermal scanning.23 The greater the difference between
the aptamer and aptamer–Lucentis complex melting peak, the
higher the stability of the complex and, hence, the affinity of the
aptamer for Lucentis (Fig. 4). The results of the binding assays
are discussed in Section S2 in the ESI.† Aptamers 1 and 25
showed the maximum differences in the temperatures of the
melting peaks; hence, Kd values were estimated only for these
aptamers (Fig. S6†). Additionally, thermouorimetric analysis
also helped to establish that the four aptamers obtained aer
docking simulations, three were found to have good binding
affinity for Lucentis, i.e. the docking simulation results showed
75% accuracy. Different concentrations of Lucentis were
analyzed with aptamers 1 and 25 to estimate Kd for both
aptamers toward Lucentis using thermouorimetric analysis.24

Calibration curves showing changes in the melting peak height
of the aptamer–Lucentis complex versus the concentration of
Lucentis for aptamers 1 and 25 are shown in Fig. S7.† The
melting peak height change was linear for both aptamers up to
a Lucentis concentration of around 110 nM, but above this, the
aptamer binding site got saturated with higher concentrations
of Lucentis. The Kd values for aptamers 1 and 25 were estimated
to be 23.21 � 9.67 nM and 29.22 � 6.32 nM, respectively, from
thermouorimetric analysis.

These two aptamers, 1 and 25, were again tested for their
binding affinities using NFIS. In this test, a known
Fig. 4 Chart showing the difference between the melting peak height
of the aptamer ( ) and the aptamer–Lucentis complex ( ), obtained
using thermofluorimetric analysis.

This journal is © The Royal Society of Chemistry 2020



Fig. 5 Nyquist plots toward 13 nM ( ), 33 nM ( ), 66 nM ( ), 333 nM ( ), 666 nM ( ), and 3500 nM ( ) Lucentis for (a)
aptamer 1 and (b) aptamer 25. (c) Calibration curves between the capacitive component and concentration of Lucentis for the calculation of
dissociation constants for aptamers 1 ( ) and 25 ( ) using NFIS.
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concentration of Lucentis was immobilized on interdigitated
(IDT) gold electrodes and then the electrodes were dipped in
a 100 nM solution of either aptamer 1 or 25. Aer the immo-
bilization of Lucentis and upon a reaction between the aptamer
and Lucentis, the impedance of the chip increased, as seen
through a Nyquist plot. The capacitive component (�Im(Z)/
ohm) of the impedance increased with respect to the resistive
component (Re(Z)/ohm) which can be seen in Fig. 5(a and b).
This behaviour proved the dominance of the capacitive nature
of the electrode, showing an almost linear close-to-vertical
response. As this is not an ideal capacitor, a straight line
parallel to the capacitive component (�Im(Z)/ohm) was not
observed in the Nyquist plot. A resistive component was always
present parallel to the capacitance plot due to leakage current at
defect sites.25 Because the capacitive component (�Im(Z)/ohm)
showed more variation with respect to the resistive component
(Re(Z)/ohm), we selected the capacitive component (�Im(Z)/
Fig. 6 The secondary structures of (a) aptamer 1 and (b) aptamer 25 ob

This journal is © The Royal Society of Chemistry 2020
ohm) for further data analysis, which was due to the double-
layer capacitance of the electrode/electrolyte interface. As the
maximum signal was obtained at a frequency of 4.64 Hz, cali-
bration curves showing the change in the capacitive component
of impedance (�DIm(Z)/ohm) versus the concentration of
Lucentis for both aptamers, 1 and 25, were plotted at same
frequency (Fig. 5(c)). The Kd values for aptamers 1 and 25 for
Lucentis were calculated to be 25.72 � 4.2 nM and 34.20 �
5.05 nM, respectively, via this technique. We can see that the Kd

values for both aptamers towards Lucentis calculated using two
different binding assay methods were very close to each other.
This not only cross-veried the results but also conrmed the
low Kd values (in the nanomolar range) of the aptamers 1 and
25, indicating the signicant binding affinities (specicity) of
the aptamers towards Lucentis. Hence, we can say that these
two aptamers can be utilized further analysis like selectivity test
and for different applications, like the detection of Lucentis.
tained using the mfold web server.

RSC Adv., 2020, 10, 28906–28917 | 28911



Fig. 7 The impedimetric responses of aptamers 1 ( ) and 25 ( )
following incubation with different proteins, where Luc stands for
Lucentis.
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Estimation of the secondary structures of selected aptamers

The analysis and study of the secondary structures of aptamers
is required to estimate the common site of interaction between
a specic aptamer and Lucentis. For this, the secondary struc-
tures of aptamers were predicted while xing the parameters
used by the mfold web server to the same values as were used
during SELEX selection (Fig. S8†). The main purpose of this
prediction approach was to identify common regions in both
aptamers responsible for interactions with the heavy chain of
Lucentis. As we did not obtain any specic aptamers targeting
the light chain of Lucentis, our focus was on the heavy chain of
Lucentis. Due to their RMSD values lower than 1 Å and inter-
actions with passive sites of the heavy chain of Lucentis, only
aptamers 1, 9, 14, and 25 fullled the conditions used in the
docking program and were selected for further analysis. Hence,
for secondary structure analysis, we analysed only these four
sequences. The best two aptamers (1 and 25) were found to have
one big central loop with one common region in the format of
a four-base–pair stem with a loop (Fig. 6). This stem (large and
small stem loops were present) was absent in aptamer 9
(Fig. S8†), hence, this might be the reason for its low affinity for
the heavy chain in comparison with aptamers 1 and 25. Simi-
larly, in aptamer 14 (Fig. S8†), the four base–pair-stem is present
with its loop, but the size of the central loop is approximately
double those of aptamers 1 and 25. This might present some
hindrance towards binding to the heavy chain of Lucentis in
comparison to aptamers 1 and 25. Therefore, we can conclude
that the four-base–pair stem loop with a central loop (approxi-
mately 35 nucleotides) might be responsible for the better
binding with the heavy chain of Lucentis shown by aptamers 1
and 25.
Aptamer selectivity tests using NFIS

Our selected aptamers, 1 and 25, from SELEX were proven to be
specic with high binding affinity (a low dissociation constant
in the nM range) for Lucentis using docking simulations,
thermouorimetric and NFIS analysis. Now, to check the
selectivity of the aptamers, sensing electrodes modied with
aptamer 1 or 25 were dipped in solutions of granulocyte-colony
stimulating factor (GCSF), glucose oxidase (GOx), urease, bovine
serum albumin (BSA), media broth proteins (formed during the
production of Lucentis in a bioreactor), and Lucentis in media
broth proteins containing GCSF, GOx, urease and BSA also. The
other proteins were used as simulated interferents and media
broth was used as a source of interference for real samples.
Signicant signals from both aptamers were obtained only with
Lucentis present in media broth proteins (containing added
GCSF, GOx, urease and BSA also), showing minimal signals
toward the other interfering proteins (Fig. 7). Although both
aptamers can be used for different applications involving
Lucentis due to their high specicity for Lucentis, aptamer 1
was found to be slightly more selective than aptamer 25 due to
its lower response toward interfering proteins and higher
response to Lucentis in media broth proteins (containing GCSF,
GOx, urease and BSA). (The immobilization of the aptamers on
28912 | RSC Adv., 2020, 10, 28906–28917
gold electrodes was characterised using FTIR, as explained in
Section S3 and Fig. S9 in the ESI.†)
The application of the selected aptamers for the detection of
Lucentis

As already discussed, major changes were seen in the capacitive
component (�Im(Z)/ohm) due to double-layer capacitance; the
increase in the capacitive component (�Im(Z)/ohm) aer the
immobilization of Lucentis on IDT gold electrodes, as observed
in Fig. 5(a and b), might be explained based on changes in the
dielectric properties and thickness of the double layer.
According to the Stern layer model, the application of charge to
an electrode gives rise to the formation of a layer of opposite
charge in solution separated by high-permittivity water mole-
cules. Lucentis could displace the solvated ions and water
outwards from the electrode surface, thus increasing the
thickness (d) of the double layer and decreasing the dielectric
permittivity (3), thereby resulting in a decrease in the double-
layer capacitance (Cdl), as shown in eqn (1), and an increase
in the capacitive component (�Im(Z)/ohm).25,26 Similarly,
interactions between Lucentis and the aptamer on the electrode
would further increase the thickness and decrease the dielectric
permittivity of the double layer. This phenomenon would
enhance with an increase in the concentration of aptamer–
Lucentis complex present, resulting in a proportional increase
in the capacitive component (�Im(Z)/ohm), as shown in Fig. 5(a
and b):26

Cdl ¼ 33oA/d (1)

where 3o is the dielectric permittivity of free space, 3 is the
dielectric permittivity of the medium between the plates, A is
the area of the plate, and d is the distance between the two
plates.

The same phenomenon could also be used to explain the
behavioural changes when aptamers 1 and 25 were immobilized
on sensing electrodes for the detection of different concentra-
tions of Lucentis. The immobilization of the aptamer and
increase in the concentration of Lucentis led to an increase in
the thickness (d) of the double layer and a decrease in the
This journal is © The Royal Society of Chemistry 2020



Fig. 8 Nyquist plots from a gold electrode ( ), an aptamer-immobilized gold electrode/blank ( ) dipped in phosphate buffer at pH 5.7,
and aptamer-immobilized electrodes dipped in 1 nM ( ), 10 nM ( ), 50 nM ( ), 100 nM ( ), and 500 nM ( ) Lucentis for (a)
aptamer 1 and (b) aptamer 25. (c) Calibration curves between the capacitive component and concentration of Lucentis for aptamers 1 and 25.

Fig. 9 Real sample analysis of Lucentis using aptamer 1 ( ), aptamer
25 ( ), and HPLC ( ).
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dielectric permittivity (3), resulting in a decrease in the double-
layer capacitance (Cdl) and, hence, an increase in the capacitive
component (�Im(Z)/ohm) of the impedance (Fig. 8(a and b)).
Calibration curves at 4.64 Hz between the change in the
capacitive component (�Im(Z)/ohm) and the concentration of
Lucentis for both aptamers are shown in Fig. 8(c).

In these measurements, phosphate buffer at pH 5.7 was
treated as a blank, and this background signal did not affect the
experimental data obtained for different concentrations of
Lucentis because it was subtracted from all the experimental
data. The LOD was also calculated while considering the back-
ground signal, and there was negligible inuence from the
buffer while detecting the lower limits of measurement, which
were found to be 22 nM and 40 nM for aptamers 1 and 25,
respectively. The linear tting models and equations are shown
in Table S2,†with linear ranges from 22–100 nM and 40–100 nM
for aptamers 1 and 25, respectively. The R2 values demonstrate
that the linear tting models t the obtained data set. The LOD
values were reasonably low in comparison to the standard HPLC
method (nearly 200 ng ml�1 or the 4 nM range aer 60-fold
sample pre-concentration, or about 240 nM without sample pre-
concentration).27

For real sample analysis, media broth samples from ve
different fermenters (ve different Escherichia coli clones,
unpublished data) were taken, and sensing electrodes were
dipped in the media broth. Different concentrations of Lucentis
were analysed using NFIS and compared with HPLC. Signicant
correlation was seen between the data from both methods
(Fig. 9). Of both aptamers, better calibration curve sensitivity
(Fig. 8(c)) and correlation with HPLC results during real sample
analysis (Fig. 9) were shown by aptamer 1 in comparison to
aptamer 25. In addition, a lower LOD was also shown by the
sensing electrode with aptamer 1.

Hence, from these observations, we can conclude that the
two aptamers were highly specic and selective for Lucentis, as
tested using various techniques like docking simulations, and
thermouorimetric and NFIS analysis.

Both aptamers 1 and 25 worked efficiently but aptamer 1
performed comparatively better in terms of selectivity, sensi-
tivity, LOD, linear range and for the detection of Lucentis in real
This journal is © The Royal Society of Chemistry 2020
samples. Thus, aptamer 1 (Table 1) can be employed further for
various applications, like the purication of Lucentis in affinity
columns, microuidic chip-based detection, clone selection,
process optimization, and inline monitoring during commer-
cial manufacturing.
Experimental
Chemicals and reagents

(3-Aminopropyl)triethoxysilane (APTES), PCR buffer, MgCl2,
dNTP mix and Taq polymerase were purchased from Himedia
Lab. Pvt. Ltd. 4B Sepharose beads, glutaraldehyde, amino-
ethanethiol HCl, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), and N-hydroxysuccinimide (NHS) were procured from
Sigma-Aldrich, India. Acetone, isopropyl alcohol (IPA), and
ethanol were obtained from Merck, India. ssDNA binding dye
SYBR green II was obtained from Thermo Fischer Scientic. The
glass substrates were obtained from University Wafer, USA. The
AZ1512 HS photoresist was obtained from Microchemicals, USA.
Lucentis and real samples (culture broth) were obtained from
Bioseparations and Bioprocessing Laboratory, Department of
Chemical Engineering, IIT Delhi, India.
RSC Adv., 2020, 10, 28906–28917 | 28913
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The immobilization of Lucentis on Sepharose beads for
affinity chromatography column in the SELEX process

Fig. 1 illustrates the major steps involved in the immobilization
of Lucentis on Sepharose beads for aptamer selection during
the SELEX process. A xed Sepharose bead matrix for the
immobilization of Lucentis was selected and an affinity column
was prepared. At rst, 10 g of Sepharose beads was washed
successively with 100 ml of water, 100 ml of acetone : water
(30 : 70, 60 : 40, and 80 : 20), 300 ml of acetone, and 100 ml of
dried acetone. Then, the beads were suspended in 25% APTES
solution with nitrogen purging and stirring. The solution was
continuously magnetically stirred for 24 h at room temperature.
Then, the beads were washed with distilled water thoroughly.
Next, 2.5% glutaraldehyde was added dropwise to the beads,
followed by continuous stirring for 24 h at room temperature.
Then, washing of the beads with 0.1 M sodium acetate buffer at
pH 5.7 was performed and, nally, for immobilization, Lucentis
(Table S1†) was added to the beads. The solution was stirred at
4 �C for 24 h and then the beads were thoroughly washed with
0.1 M sodium acetate buffer at pH 5.7.
Affinity chromatography column preparation

The glass column was washed properly with ethanol and then
equilibrated with 0.1M sodium acetate buffer at pH 5.7.Modied
Sepharose beads were pumped into a 5 cm glass column at a low
constant ow rate using a peristaltic pump at 4 �C to maintain
the integrity and stability of Lucentis. Aer the preparation of the
column, it was stored at 4 �C. Qualitative and quantitative anal-
ysis of the immobilization of Lucentis was carried out using FTIR
and Lowry protein estimation methods. In addition, the leaching
of Lucentis from column was checked using the Lowry protein
estimation method from time to time.
The optimization of asymmetric PCR for the regeneration of
ssDNA

In SELEX, the product of each cycle (ssDNA) was amplied
(dsDNA) for the preparation of a ssDNA library for the next cycle.
Hence, the regeneration of ssDNA from dsDNA is one of the
crucial steps in the SELEX process. In our protocol, we used
asymmetric PCR for the regeneration of ssDNA from dsDNA,
and various conditions were optimized to attain the best
possible yield of ssDNA for every subsequent cycle of SELEX.
Primarily, the number of PCR cycles and annealing temperature
required for symmetric PCR to achieve a high yield of dsDNA for
asymmetric PCR were optimized. Later, the primer concentra-
tion and number of cycles were optimized for asymmetric PCR.
A reaction volume of 50 ml was prepared with 5 ng of ssDNA,
nal forward and reverse primer concentrations of 2 mM, 1�
PCR buffer, MgCl2, dNTP mix, and Taq polymerase. The PCR
conditions were as follows: initial denaturation at 95 �C for 5
minutes; optimized cycles of denaturation at 95 �C for 30
seconds; annealing at the optimized temperature for 30
seconds; elongation at 72 �C for 30 seconds; and nal elonga-
tion at 72 �C for 5 min.
28914 | RSC Adv., 2020, 10, 28906–28917
Preparation of the ssDNA library

The ssDNA N40 library (PO DNA, 50 TAG GGA AGA GAA GGA CAT
ATG AT-N40-TTG ACT AGT ACA TGA CCA CTT GA 30), and
forward (PO DNA, 50 TAG GGA AGA GAA GGA CAT ATG AT 30)
and reverse primers (PO DNA, 50 TCA AGT GGT CAT GTA CTA
GTC AA 30) were purchased from TriLink BioTechnologies. The
ssDNA library (1 nM) was dissolved in 0.1 M sodium acetate
buffer at pH 5.7, heated at 95 �C for 10 minutes, and allowed to
cool to room temperature (for every SELEX cycle). Then, the
ssDNA library was passed through the affinity chromatography
column during the SELEX process.
The in vitro selection of aptamers via SELEX

For the selection of aptamers from the ssDNA library, affinity
chromatography was used for performing the binding, parti-
tioning, and elution steps of the SELEX process. Fig. 1 shows
a schematic diagram illustrating the major steps involved in
the SELEX process. The prepared ssDNA library was pumped
into the affinity chromatography column for binding with
Lucentis and incubated for the time mentioned in Table S1.†
Aer the incubation period, unbound ssDNA was partitioned
from the column via passing through 0.1 M sodium acetate
washing buffer at pH 5.7. Finally, specically bound ssDNA
was eluted from the column using elution buffers. Then,
standard phenol chloroform extraction and ethanol precipi-
tation procedures were performed to get a pellet of eluted
ssDNA aptamers. Aerwards, the eluted aptamers were
amplied using symmetric PCR and then the generated
dsDNA was used to regenerate ssDNA aptamers for the next
SELEX cycle using asymmetric PCR. This completed one
SELEX cycle, which was repeated until a set of specic
aptamers for Lucentis was obtained. The SELEX approach
followed for the selection of highly specic aptamers for
Lucentis is shown in Table S1.†
Sequence analysis aer SELEX

The elutant from the nal SELEX cycle was amplied via PCR,
cloned, and DNA sequenced by Chromous Biotech Pvt. Ltd to
obtain the sequences of the aptamers specic to Lucentis.
Protein Data Bank (PDB) format les of the chains of Lucentis
were obtained from the RCSB PDB website. The active and
passive sites of the heavy and light chains of Lucentis were
discovered and analyzed using I-TASSER. Then, the 25 obtained
aptamer sequences were converted into 3D models and docked
with each chain of Lucentis (heavy and light) using the
HADDOCK web server.28 The RMSD values from every docking
pair were checked and compared.
The fabrication of IDT gold electrodes, immobilization
technique and NFIS measurements

IDT gold electrodes were patterned on a glass substrate using
standard photolithography and thermal evaporation tech-
niques. First, gold was deposited on RCA1, RCA2, and
a piranha-cleaned glass substrate through a sequence of AZ1512
HS photoresist spin-coating, patterning using UV
This journal is © The Royal Society of Chemistry 2020



Fig. 10 The immobilization of aptamers on gold sensing electrodes and the impedance spectroscopy detection setup. (a) Bare gold electrode on
glass substrate. (b) Formation of thiol layer on gold electrode after aminoethanethiol treatment. (c) Aptamer immobilization on gold electrode
using NHS & EDC. (d) Impedance spectroscopy detection setup.
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photolithography, chromium and gold deposition (25 nm of
chromium and 85 nm of gold) using a thermal evaporation
technique, and, nally, a li-off process. The width, spacing,
and number of IDT electrodes were 0.1 mm, 0.65 mm, and 14,
respectively, in the fabricated device (Fig. S10†).

At rst, the IDT electrode was dipped in ethanol and incu-
bated for 2 h at room temperature. Similarly, the electrode was
kept in 1 mM aminoethanethiol HCl solution, with 10 h of
incubation at room temperature, followed by washing with Milli-
Q water and ethanol. For binding assay experiments, aer air
drying, the electrode was suspended in a solution of 5 mM EDC,
8 mMNHS, and a known concentration of Lucentis in phosphate
buffer at pH 5.7 and incubated for 5 h at room temperature. For
the detection of Lucentis, the electrode was dipped in a solution
of 5mMEDC, 8mMNHS, and 1 mMaptamer in phosphate buffer
at pH 7 and incubated for 5 h at room temperature. Then, the
washing of gold electrodes was performed ve times using
phosphate buffer to remove any Lucentis/aptamer that was not
immobilized. Schematic representation of aptamer immobiliza-
tion steps on gold electrode are shown in Fig. 10.

NFIS measurements were performed in a frequency range of
4 Hz-1 MHz with a sinusoidal voltage amplitude of 10 mV and at
open circuit potential. NFIS measurements were recorded on
a blank sample via dipping the IDT electrode in phosphate
buffer at pH 5.7 (Fig. 10). Next, the electrode was kept in the
sample and incubated for half an hour at room temperature.
Then, the electrode was washed with an abundant amount of
phosphate buffer at pH 5.7 and the response was recorded in
the presence of phosphate buffer at pH 5.7.
Aptamer–Lucentis binding assays and the evaluation of the
dissociation constant (Kd)

Aer docking simulations, the best four aptamers were tested
for their binding affinity towards Lucentis in the laboratory
This journal is © The Royal Society of Chemistry 2020
using thermouorimetric analysis to conrm the docking
results.23 In this technique, each of the four aptamers was
incubated with Lucentis in the presence of the uorescent
ssDNA binding dye SYBR green II. The protocol is discussed in
Section S2 in the ESI.† The best aptamer sequences were used
for the estimation of Kd values via thermouorimetric analysis
at different concentrations of Lucentis (13.33 nM, 33.33 nM,
66.66 nM, 333.3 nM, 666.6 nM, 3500 nM, and 6666 nM). The
uorescence intensity of each reaction mixture was measured
using real-time PCR, and a saturation curve was plotted for
calculating Kd. Reactions were carried out in sextuplicate to
calculate the standard deviation of measurements.

In NFIS-based binding assays, different concentrations of
Lucentis were immobilized on interdigitated (IDT) gold elec-
trodes patterned on a glass substrate (13 nM, 33 nM, 66 nM,
333 nM, 666 nM, and 3500 nM). The immobilization of Lucentis
was conrmed using the Lowry protein estimation test. Then,
the modied electrode with Lucentis was connected to an
electrochemical quartz crystal microbalance and dipped in
a solution containing 100 nM aptamer. The NFIS measurement
parameters were kept the same as discussed previously.

Estimation of the secondary structures of selected aptamer
sequences

Aer the selection of the two aptamers with the best binding
affinities, their secondary structures were investigated to
analyze the structural similarities between them using the
mfold web server.

Selectivity testing of aptamers using NFIS

In this test, various proteins were used for checking the selec-
tivity of the selected aptamers 1 and 25 towards Lucentis. IDT
gold electrodes, fabricated in the same way as for studying the
binding of aptamers and Lucentis, were used for this test.
RSC Adv., 2020, 10, 28906–28917 | 28915
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Instead of Lucentis, 1 mM aptamer was immobilized in phos-
phate buffer at pH 7, keeping all other steps of immobilization
the same. Then, the electrode was dipped in solutions of
different proteins, like GCSF, GOx, urease, BSA, media broth
containing cellular proteins, and Lucentis in media broth (with
cellular proteins, GCSF, GOx, urease and BSA). Then, incuba-
tion at 25 �C for half an hour was carried out and impedimetric
measurements were recorded, as done in the case of the
binding assays, using an electrochemical quartz crystal
microbalance.
Application of the selected aptamers for the detection of
Lucentis

Detection experiments were performed with aptamers 1 and 25
only, due to their satisfactory performance and dissociation
constants found via docking simulations, thermouorimetric
and NFIS analysis. To employ the selected aptamers for the
detection of Lucentis, the aptamers were immobilized on IDT
gold electrodes as discussed before. The immobilization of
aptamers on the gold electrodes was conrmed via FTIR.

Then, the electrode modied with aptamer was connected to
an electrochemical quartz crystal microbalance, as shown in
Fig. 10, using all previously discussed parameters, and dipped
in a solution containing a xed concentration of Lucentis (1 nM,
10 nM, 50 nM, 100 nM, and 500 nM). Then, aer analysing
spiked Lucentis samples, real samples from bioreactors (media
broth) were collected and analysed using NFIS. The concentra-
tions obtained with our method were cross-checked using the
HPLC standard method.
Conclusions

In this work, we developed highly specic and selective
aptamers for Lucentis using a modied and stringent SELEX
process (only 10 cycles), and then employed them for the
detection of Lucentis. The Kd values for the two best aptamers
were found to be in the nanomolar range using thermo-
uorimetric and NFIS analysis, representing the excellent
binding affinities (specicities) of the aptamers for Lucentis.
Both aptamers were also found to show selective binding to
Lucentis upon testing them in the presence of different simu-
lated interfering proteins, like GCSF, GOx, urease, and BSA, and
under real sample conditions using media broth. Though
neither of the two aptamers showed prominent responses to
interferents, better selectivity was shown by aptamer 1. From
secondary structure analysis via the mfold web server, the
presence of four-base–pair stem loop structure in the aptamers
was found to be responsible for their better affinity for Lucentis.
The two chosen aptamers, 1 and 25, were tested for the detec-
tion of Lucentis in spiked and real media broth samples; both
aptamers succeeded, but aptamer 1 showed slightly better
sensitivity, LOD and linear range for Lucentis over aptamer 25.
From this proof-of-concept, using these aptamers for the
detection of Lucentis on gold electrodes, it can be concluded
that the selected aptamer 1 can easily nd applications in
affinity chromatography for the purication of Lucentis, clone
28916 | RSC Adv., 2020, 10, 28906–28917
selection, and the development of detection kits/chips and
subsequent process analytical techniques.
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