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clinical diagnosis.[1,2] These methods often 
require a few days to obtain the results, in 
which case, the total number of the cul-
tured bacteria can be underestimated, as 
some specific bacteria can enter a viable 
but nonculturable state in environment.[3,4] 
In order to counter this, real-time poly-
merase chain reaction (PCR)-based assays 
are commonly used in laboratory for rapid 
bacterial detection. But a major limitation 
of PCR, particularly for low concentration 
of bacterial cells, is the time required for 
enrichment, which is often 6–48 h.[5–10] In 
addition, the equipment cost and require-
ment of highly trained personnel limit the 
usage of PCR-based assays. An alternative 
is enzyme-linked immunosorbent assays 
(ELISA), which are rapid but laborious, 
with a detection limit in the range as high 
as 104–106 CFU mL−1.[11] However, these 
rapid detection procedures usually require 
extensive sample preparation steps with 
the concentration of the sample as the 
major limiting factor.[12–17]

To overcome the above shortcomings, various biosensors 
have been developed, particularly, to reduce assay time and to 
improve the sensitivity. Many sensor-based methods, like label-
free immune-based biosensors, have a lower detection limit 
(2 CFU mL−1), but the requirement of assay volume limited 
to micro liters to milliliter range makes detection at very low 
concentration cumbersome.[18] Often monitoring of contamina-
tion in food industries and environmental screening involves 
large volume of the initial water sample (100–1000 mL).[19] In 
a contaminated water sample with a bacterial concentration 
of 100 CFU/100 mL, the assay volume for bacterial detection 
should be as minimum as 1 mL, so that at least one cell is 
included in the tested assay.[20] Therefore, the single cell detec-
tion biosensors cannot be used for practical rapid detection 
in terms of the total assay volume. Hence, there is an urgent 
requirement to have an access to a rapid, simple, and effec-
tive system for selective capture as well as concentration of 
target bacteria and then release them for the rapid assessment 
or downstream analysis. In recent decades, surface modifica-
tion techniques based on “capture-and-release” strategy have 
been reported for the isolation or detection of cancer cells or 
tissue cells.[21,22] Solid supports like magnetic and gold nano-
particles (AuNPs) functionalized with mannose conjugated 

The use of glycopolymer-functionalized resins (Resin–Glc), as a solid support, 
in column mode for bacterial/protein capture and quantification is explored. 
The Resin–Glc is synthesized from commercially available chloromethylated 
polystyrene resin and glycopolymer, and is characterized by fourier trans-
form infrared spectroscopy, thermogravimetry, and elemental analysis. The 
percentage of glycopolymer functionalized on Resin–Glc is accounted to be 
5 wt%. The ability of Resin–Glc to selectively capture lectin, Concanavalin A, 
over Peanut Agglutinin, reversibly, is demonstrated for six cycles of experi-
ments. The bacterial sequestration study using SYBR (Synergy Brands, Inc.) 
Green I tagged Escherichia coli/Staphylococcus aureus reveals the ability of 
Resin–Glc to selectively capture E. coli over S. aureus. The quantification of 
captured cells in the column is carried out by enzymatic colorimetric assay 
using methylumbelliferyl glucuronide as the substrate. The E. coli capture 
studies reveal a consistent capture efficiency of 105 CFU (Colony Forming 
Units) g−1 over six cycles. Studies with spiked tap water samples show satis-
factory results for E. coli cell densities ranging from 102 to 107 CFU mL−1. The 
method portrayed can serve as a basis for the development of a reusable solid 
support in capture and detection of proteins and bacteria.

1. Introduction

With drastic developments going on in the field of human 
health and hygiene, pathogenic bacterial/viral infection and 
microbial contamination still remain a serious problem. This is 
because the time-consuming conventional techniques like bac-
terial culturing and plate counting are still being followed in 
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β-cyclodextrin derivatives, carbohydrate-functionalized gra-
phene derivatives etc. have been used for capture and release of 
bacteria by host–guest interactions.[23–25]

Major approaches for separating food-borne bacteria and their 
concentration include those based on biological interactions such 
as immunomagnetic separation (IMS),[26–31] antigen–antibody 
interaction, ligands such as aptamers,[32,33] bacteriophages,[34] and 
other binding molecules.[33] Magnetic-bead-based separation for 
bacteria has several advantages, like specific removal of target 
from food particles,[34–36] no dilution of sample or carrier during 
washing, and possible automation and scale-up separation.[37–39] 
In spite of these advantages, the longevity of the biological mate-
rial attached to magnetic particles, interferences in food matrices, 
the strength of the magnetic field, sufficient mixing to maximize 
the interactions, etc. are some of the obstacles associated with 
this method.[40] This is where immobilized molecules on solid 
surfaces find application for direct capture to the detector surface 
for analysis and removal of unbound substances in the samples 
by washings.[41–44] The immobilization of bacteria-specific ligand 
is also an important factor for effective bacterial capture.[45,46] 
Antibody- and aptamer-based ligands are highly selective and 
have strong binding affinity for specific bacterial strains.[47,48] 
However, their application is limited by the high cost and low 
stability. Alternatively, carbohydrate-based ligands have received 
considerable attention because they are cost-effective, less prone 
to denaturation, and have broader interaction specificity.[49–51] Dif-
ferent surface modification techniques such as chemical linkers 
self-assembled monolayers (SAM), antibody-oriented immobi-
lization, and biomolecule labels are being used to immobilize 
various ligands.[52,53] Reusability of the surface is an important 
criteria to be fulfilled to make the method cost effective.[54]

Studies on bacteriophilic resins started in the 1950s, mostly 
for targeting viruses, which were later extrapolated to bacteria, 
essentially Escherichia coli, Salmonella, Shigella dysenteria, and 
Staphylococcus aureus strains.[55] Limited studies are directed 
toward water bacterial disinfection by flocculation[56] or clus-
tering of bacteria, adhesion of bacteria on insoluble beads[57] 
or clothes.[58] Stenzel and co-workers have reported crosslinked 
glucose-based latex glycol particles, which can bind to lectins as 
well as bacteria.[59]

The incorporation of carbohydrate moieties into polymeric 
materials is highly significant because of their molecular rec-
ognition properties.[60] Therefore, stationary phases or solid 
supports immobilized with sugar units find application in the 
study of lectin, saccharide-specific recognition processes, pro-
tein separation, and purification procedures.[61] In this direction, 
Haddleton and co-workers successfully demonstrated loading 
of carbohydrate on to Wang resin beads using copper-catalyzed 
Huisgen cycloaddition.[62] Glycopolymers can also be grafted 
onto microspheres employing thiol–ene reactions, Michael 
addition reactions, etc.[63] Fluorostyrene-based microspheres 
bearing carbohydrate moieties have also been synthesized as 
the support for protein separation.[64] Recently, we have reported 
the use of synthetic glycoacrylamides as well as glycoacryla-
mide-stabilized AuNPs for lectin/bacterial detection.[65,66] By 
virtue of its self-assembly behavior, the much needed condition 
of multivalency effect is met by these small glycounits for the 
detection of carbohydrate-interacting systems. In the present 
study, we make use of the “glycocluster effect” present in the 

glycopolymer derived from glycoacrylamide (1) (Figure 1), syn-
thesized in our laboratory,[67] for making reusable glycopolymer-
functionalized resins for efficient capture and detection of 
lectin/bacteria. The system that we foresee is unique not only 
in terms of its robustness and economical nature, with the pos-
sibility to easy scale up, but also in the fact that we can recover 
these resins without loss of its activity, in an effortless manner.

Using this capture–detection strategy concentration of the 
glyco-interacting species present in the samples will no longer 
be a limitation. We envisaged that the amino-functionalized 
resin generated from commercial chloromethylated polystyrene 
divinylbenzene resin (Resin–Cl) could be coupled to the glyco-
polymer (glycoacrylamide–acrylic acid (Glc–AA)) which would 
serve as the template for bacterial/protein capture (Figure  1). 
Using bacterial protein extraction reagent (B-PER), the glu-
couronidase enzyme liberated from the captured bacteria 
is collected and quantified using 4-methylumbelliferyl-β-d-
glucoronide (4-MUG)-based assay. To the best of our knowl-
edge, this is the first report on a reusable column method using 
resin functionalized with glycopolymer for capture and quanti-
fication of Concanavalin A (Con A)/E. coli.

2. Experimental Section

2.1. Materials

Lyophilized powders of Con A from Canavalia ensiformis, 
peanut Agglutinin (PNA) from Arachis hypogaea, fluorescein 
isothiocyanate (FITC) conjugates of both Con A (FITC–Con A) 
and PNA (FITC–PNA), sodium azide, N-hydroxy succinimide 
(NHS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), 
triphenylphosphine, β-glucuronidase (β-GUS), 4-MUG, and 
SYBR Green I were purchased from Sigma–Aldrich and were 
used directly. B-PER was purchased from ThermoFischer Scien-
tific. Dimethyl formamide (DMF), methanol, dichloromethane, 
and acrylic acid were purchased from SD-fine. Chlorometh-
ylated styrene divinylbenzene resins were purchased from 
Thermax India Pvt. Ltd. 0.01 m phosphate-buffered saline (PBS) 
at pH 7.4 was freshly prepared by diluting 10× concentrated PBS 
purchased from Sigma into distilled water to 1 × 10−3 m CaCl2 
and 1 × 10−3 m MnCl2. Dulbecco’s modified eagle’s medium 
(DMEM), penicillin, and streptomycin were purchased from 
Hi-Media, Mumbai, India. Fetal bovine serum (FBS) was pro-
cured from Invitrogen BioServices India Pvt. Ltd. Water with a 
conductivity of 0.6 µS cm−1 or lower, obtained from Millipore 
Milli-Q system, was used for the preparation of aqueous solu-
tions. Glasswares were cleaned, using chromic acid, rinsed with 
distilled water, and then with Millipore Milli-Q water before 
drying in an oven at 110 °C. d-glucose-based acrylamide (1) was 
synthesized as per the previous report.[67] Wild-type E. coli K12 
strain BW25113 was grown overnight in lysogeny broth (LB) at 
37 °C till the value of A600 was 1.0. Cell mixture (1 mL) was cen-
trifuged (10 000 rpm, 20 min, 4 °C) and washed twice with PBS 
buffer. These cells were resuspended in PBS buffer (1.0 mL) 
containing CaCl2 (0.1 × 10−3 m) and MnCl2 (0.1 × 10−3 m) and 
were serially diluted to the required concentrations. The same 
procedure was followed with S. aureus strain, which does not 
possess mannose/glucose binding protein, FimH.
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2.2. Methods

2.2.1. Fourier Transform Infrared Spectroscopy

The IR spectra were recorded using a diamond single reflec-
tance ATR in Shimadzu IR Affinity-1 spectrometer. The sam-
ples were analyzed over the range of 400–4000 cm−1, operating 
at 4 cm−1 resolution.

2.2.2. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed, using a 
Mettler-Toledo TG/DSC stare system. The samples were ana-
lyzed in the temperature range of 25–600 °C at a heating rate of 
10 °C min−1 and a nitrogen flow rate of 50 mL min−1.

2.2.3. Photography

The optical photographs were taken by a digital camera (Sony 
cybershot). For viewing UV-active samples, a conventional 
hand-held UV lamp (λ  = 365 nm, Cole-Parmer Ultraviolet 
lamps) was used for illumination, and was photographed.

2.2.4. Synthesis of Glycopolymer: Glc–AA

Glycoacrylamide (1) was copolymerized with acrylic acid (2), 
using ammonium persulfate (APS) as initiator at an initiation 
temperature of 60 °C for 12 h (Scheme 1). Briefly, a two-necked 
round bottom flask, under argon atmosphere, was charged 
with glycoacrylamide (0.15 g, 0.64 mmol) dissolved in deion-
ized water (50 mL); to it, acrylic acid (4.40 µL, 0.064 mmol 
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Figure 1. Schematic representation of synthesis of glycopolymer-functionalized resin (Resin–Glc) for capture and quantification of E. coli/Con A.

Scheme 1. Synthesis of glycoacrylamide–acrylic acid (Glc–AA) copolymer.
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(10 mol% of glycoacrylamide)) was added and stirred for 1 min. 
The resultant homogeneous solution was heated to 60 °C in oil 
bath; APS (8.30 mg, 0.04 mmol) was added; and the reaction 
was stirred for 12 h. The reaction was cooled to room tempera-
ture and was purified using dialysis membrane (Spectrum Labs 
Spectra/Por 1000 D MWCO Standard RC Pre-wetted Dialysis 
Kit). The leftover solution in the dialysis membrane was lyophi-
lized to afford glycopolymer (Glc–AA) (3) as a white amorphous 
fluffy solid (0.11 g). 1H NMR spectra were recorded on 500 MHz 
Varian instrument using D2O as the solvent (Figures S1 and 
S2, Supporting Information). The Fourier Transform Infrared 
(FTIR) spectrum analysis (Figure S3, Supporting Information) 
of (3) revealed the presence of characteristic bands of carboxy-
late functionality at 1727 and 1249 cm−1 while bands at 1651 and 
1622 cm−1 were assigned to amide I and amide II bands due 
to polyamide units and a combination band of OCH and COH 
deformations present at 1552 and 1421 cm−1 confirms the struc-
tural integrity of glycopolymer (3).

2.2.5. Synthesis of Glycopolymer (Glc–AA)-Functionalized Resins

Chloromethylated styrene divinylbenzene resins with 
5.20 mmol g−1 substitution of chlorine were converted to their 
azide derivatives by reacting with sodium azide in DMF at 
90 °C (Scheme 2).

The resultant azide-substituted resins were subjected to the 
Staudinger reaction to furnish corresponding amine-function-
alized resins as confirmed by FTIR spectroscopy. The amine-
functionalized resins were then coupled with Glc–AA (3) using 
the EDC–NHS method in DMF–water to afford glycopolymer-
functionalized resins, Resin–Glc (4). The free carboxylic acid 
groups in (4) were converted to amide, Resin–Glc–MeNH2 (5) 
(FTIR, Figure S4, Supporting Information), by coupling with 
methyl amine using EDC–NHS as mentioned in Scheme  2. 
Resin–Glc (4) and (5) were used in the E. coli capture studies. 
Synthetic procedures for the functional modification of resin 
are described in Schemes S1–S4 (Supporting Information).

2.2.6. Fluorescence Measurements

Selectivity Studies Using FITC-Tagged Lectins: Resin–Glc (4) was 
tested for selectivity toward lectins: FITC–Con A and FITC–
PNA. Briefly, Resin–Glc (4) (0.14 mg) was initially treated with 
1 mL of bovine serum albumin (BSA; 1 mg mL−1 solution) to 
prevent any nonspecific interactions. These pretreated resins 
were subsequently exposed to either 0.5 mg mL−1 FITC–Con 
A/FITC–PNA. Upon interaction with FITC-labeled lectins, the 
resins would retain the fluorescent lectin, to which it is selec-
tive for; thereby, the fluorescence intensity of the supernatant 
solution was reduced, which was measured.

Procedure for Bacterial Sequestration Using SYBR Green I Tagged 
Cells: The kinetics of bacterial sequestration was monitored 
using SYBR Green I tagged E. coli and S. aureus cells aided by 
fluorescence spectroscopy. SYBR Green I was reported to be the 
most sensitive fluorescent dye for rapid staining compared to 
the existing dyes used for fluorescence-based measurements.[68] 
This method simplifies the quantification of bacterial cells in 
aqueous media both in terms of sensitivity and time. SYBR 
Green I stock solution was prepared and stored at −20 °C. 
Working solutions of the dye were freshly prepared every day 
prior to the experiment using sterile filtered (0.22 µm, polyvi-
nylidene fluoride (PVDF)) PBS. Unless otherwise stated, the 
staining experiments were performed using 1 mL of bacterial 
solution and 20 µL working solution of SYBR Green I, incu-
bated at room temperature in dark. Fluorescence measure-
ments were performed using a Jasco FP 8500 fluorimeter at an 
excitation/emission wavelength of 485/520 nm. Spectra were 
obtained with a resolution of 5.0 nm for both excitation and 
emission at a scan rate of 400 nm min−1, unless otherwise men-
tioned. All measurements were carried out in a quartz cell of 
1 cm path length. All the fluorescence analyses of culture sam-
ples were performed in triplicate.

A preliminary bacterial sequestration kinetic study of Resin–
Glc (4) was performed for a period of 20 h using SYBR Green 
I tagged E. coli cells and the decrease in fluorescence intensity 
of the solution was found after every hour. This experiment was 
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carried out by agitating 0.14 g of Resin–Glc (4) (pretreated with 
1 mg mL−1 of BSA solution) with 1 mL of 107 CFU mL−1 SYBR 
Green I tagged E. coli suspension taken in a centrifuge tube. 
A known bacterial suspension solution without resin was also 
agitated under the same conditions for the same period of time.

Procedure for Enzymatic Colorimetric Assay Using 4-MUG: The 
detection of E. coli cells using 4-MUG is based on selective 
enzymatic hydrolysis of 4-MUG by β-GUS, secreted by >98% of 
all known E. coli strains.

During hydrolysis of 4-MUG using β-GUS, a coumarin 
derivative, 4-methylumbelliferone (4-MU), which gives emis-
sion centered at 440 nm upon excitation at 365 nm, and a glu-
curonide unit were formed (Scheme  3). Subsequent to enzy-
matic hydrolysis, for a stipulated period of time, the pH of the 
reaction media was raised to pH 8 using 1 m NaOH for fluores-
cence measurements.[69]

2.2.7. Sample Preparation for Enzymatic Reactions

The kinetics of the enzymatic reaction of β-GUS and 4-MUG 
was recorded in sequential measurements by fluorescence 
spectroscopy at three different β-GUS concentrations 0.05 × 
10−6, 0.10 × 10−6, and 0.20 × 10−6 m. The enzymatic reaction was 
carried out in aqueous buffered solution (PBS, pH 7.4) because 
the optimal pH for the activity of the enzyme is around 7.[69] 
Briefly, each concentration of β-GUS in PBS buffer (1 mL) was 
treated with 50 µL of 4-MUG (0.20 × 10−3 m) in a cuvette and 
immediately fluorescence (an excitation wavelength of 365 nm) 
was recorded for a period of ≈20 min with an interval of 1 min.

2.2.8. Bacterial Capture and Detection Using Resin–Glc (4) in 
Syringe Column

A 5 mL syringe column was loaded with 1.00 g of dry Resin–
Glc (4) and was equilibrated with filtered PBS for 1 h, then 
drained completely. These resins were pretreated with 2 mL of 
2 mg mL−1 BSA solution for 30 min to prevent any nonspecific 
interactions. The E. coli cells with a concentration of 107 CFU 
mL−1 (1 mL) were added to the syringe column and equilibrated 
with frequent agitation. The agitation of the resins increases 
the rate of collision between bacterial cells and ligands on the 
resin surface.[70] After 3 h, the drained out solution was treated 
with lysis agent, B-PER reagent (100 µL), to liberate the enzyme 
β-glucuronidase, followed by 50 µL of 4-MUG (0.2 × 10−3 m) 

from a freshly prepared stock solution. The solution was incu-
bated at 40 °C for ≈20 min, and the pH of the test solution was 
raised to pH 8, using 1 m NaOH, before the fluorescence was 
recorded. The fluorescence observed was subsequently corre-
lated to the number of cells from the 4-MUG calibration plot. 
To quantify the E. coli cells captured on the Resin–Glc (4) sur-
face, 100 µL of lysis agent was added to the syringe column and 
drained after equilibrating for 10 min. The resin was further 
washed with 3 × 300 µL PBS buffer. The combined solution 
(1 mL) was subjected to the same procedure mentioned above 
to quantify the E. coli captured by Resin–Glc (4).

2.2.9. Bacterial Capture from Artificially Contaminated Tap Water

In order to investigate the sensitivity of the assay, 1 mL of tap 
water was collected and 1 mL of 1% w/v solution of sodium 
thiosulfate was added to dechlorinate the water sample prior 
to the assay. After homogenization of test solution, ≈104 CFU 
E. coli cells were added. The mixture was vortexed and divided 
into two aliquots of 1 mL each. Bacterial concentration in one 
of the aliquot was measured by fluorescent colorimetric assay 
using MUG as described previously and the second portion 
(1 mL) was transferred to Resin–Glc column for bacterial cap-
ture studies. Similarly, the tap water samples with different 
concentrations of E. coli ranging from 102 to 107 CFU mL−1 were 
prepared and analyzed.

3. Results

The change in hydrophilicity of Resin–Cl upon glycopolymer 
(Glc–AA) functionalization can be visually observed when the 
resins are immersed in water (Figure  2A,B). Resin–Glc (4) is 
more hydrophilic then Resin–Cl which is an important require-
ment that facilitates the interaction of the former with bacterial 
cells in the media. The average sizes of the resins were found 
to be 0.7–1.0 mm in diameter (Figure 2C). The histogram and 
photograph of Resin–Cl and Resin–Glc in dry condition are 
given in Figure S5 (Supporting Information).

During each step of functional transformation (Scheme  2), 
the resins were characterized by FTIR analysis (Figure  3). IR 
spectrum of chloromethylated polystyrene divinylbenzene 
resins (Resin–Cl) showed characteristic bands at 669 cm−1 cor-
responding to CCl stretching. Band at 1264 cm−1 was assigned 
to CH2 wagging while bands at 1446, 1508, 1604, and 3026 cm−1 
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were attributed to CC (aromatic) and band at 2924 cm−1 
was due to CH stretching (Figure 3A). During the reaction of 
Resin–Cl with sodium azide, the band at 669 cm−1 vanished 
with the appearance of a new band at 2090 cm−1 indicating the 
substitution of chloride in Resin–Cl with azide functionality 
(Figure 3B). In the next step, conversion of azide to amine by 
Staundinger reduction was monitored by the disappearance of 
the azide band at 2090 cm−1 and with the emergence of a broad 
band at 3053 cm−1. The presence of the CH2NH2 group is 
further confirmed by the CN stretching band at 1197 cm−1 
as well as NH bending band at 722 cm−1 (Figure  3C). Cou-
pling of Glc–AA to the Resin–NH2 was validated by the pres-
ence of amide band at 1646 cm−1. The presence of glucose 
units is indicated by the presence of CH vibrational band at 
2915 cm−1 and broad OH vibrational stretching band ranging 
from 3497 to 3106 cm−1. A combination band of OCH and COH 

deformations is present at 1512, 1423, and 1121 cm−1. The band 
at 1082 cm−1 corresponds to COC stretching frequency, 
which confirms the presence of pyranose ring (Figure  3D). 
Bands at 1735 cm−1 (CO stretching) and 1251 cm−1 (CO 
stretching) are attributed to residual carboxylate group present 
in the glycopolymer attached to resin.

To understand the loading/substitution of amine in the resin, 
combustion elemental analysis of Resin–Cl and Resin–N3 was 
performed using Euro Vector EA 3000 instrument, which gave 
6.9% of nitrogen in Resin–N3. This corresponds to 0.49 mol of 
nitrogen content in 100 g of resin, i.e., 7.9% of amine in mass. 
The residual 92.1 g is considered as the resin base material, 
which contains 0.52 mol of chloride groups on which amine 
substitution has taken place. The amine substitution ratio was 
calculated as (0.49/0.52) 94% with respect to chlorine. The 
glycopolymer content on the Resin–Glc was determined to be 
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Figure 3. FTIR spectra of A) Resin–Cl, B) Resin–N3, C) Resin–NH2, and D) Resin–Glc (4).

Figure 2. Photographic image of A) Resin–Cl, B) Resin–Glc (4), and C) size of the resin (Resin–Cl).
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5 wt% of the resin base material using thermogravimetric anal-
ysis (Figure S6, Supporting Information).

3.1. Specific Lectin Recognition and Reusability Studies on 
Resin–Glc (4)

The binding potential and selectivity of the prepared Resin–Glc 
(4) for lectin were studied using Con A and PNA, which are spe-
cific lectins for binding glucose/mannose and galactose residues, 
respectively. Additionally, BSA with a molecular weight compa-
rable to Con A, but without glucose-binding domains, was chosen 
as a “nonspecific protein.” With these model systems, the inter-
action behavior between the lectin and glucose units present on 
the surface of the resin was studied. For studying the interaction 
using fluorescence spectroscopy, FITC-labeled Con A and PNA 
were employed. Figure  4A,B shows the fluorescence emission 
spectra of FITC-labeled Con A and PNA solutions before and 
after interaction with Resin–Glc (4). A significant reduction in the 
emission intensity up to 81.7 ± 5% was observed in FITC–Con A 
solution upon interaction with Resin–Glc (4) whereas only 47 ± 
5% reduction was observed for FITC–PNA. However, no signifi-
cant reduction in fluorescence intensity was observed when the 
Resin–Cl was treated with the lectin solutions. The effect of non-
specific interactions in Resin–Glc was studied using FITC–BSA 
under similar conditions, which exhibited no significant reduc-
tion in emission intensity (Figure S7, Supporting Information).

After each cycle, Resin–Glc (4) was washed with excess of 
mannose/galactose to recover the resins from Con–A/PNA 

bound to it. Subsequently, resins were rinsed with PBS solu-
tion. The recovered resins were then subjected to six cycles 
of experiments. Figure  4C shows the percentage decrease in 
fluorescence intensity over each cycle. From the bar diagram 
it is clear that percentage decrease in fluorescence intensity 
remained consistent over six cycles of experiments, and hence 
demonstrates the capture efficiency and reusability of Resin–
Glc (4) for Con A detection.

3.2. Bacterial Sequestration Kinetics Using Resin–Glc (4)

Consequent to the satisfying findings using Con A, the studies 
were extrapolated to E. coli, which contain fimH protein, a lectin 
that is present on type 1 fimbria of E. coli, which can specifically 
recognize glucose/mannose containing ligands by carbohy-
drate–lectin interaction.[71,72] Fluorescence measurements using 
SYBR Green I tagged E. coli cells, at an excitation wavelength of 
485 nm, revealed that about 45% decrease in the fluorescence 
intensity of SYBR Green I was achieved within 5 h of interaction 
of E. coli with Resin–Glc (4). On the contrary, only 4% decrease 
in fluorescence intensity was observed in the case of S. aureus, 
which further remained unaltered throughout the experimental 
period (Figure 5). However, no substantial change in the fluores-
cence intensity was observed in the absence of the resin.

The relevance of calcium ions in the buffer solution used 
for bacterial capture has been reported in many studies.[73,74] In 
order to check the same in Resin–Glc (4), bacterial sequestra-
tion was conducted in the presence and absence of calcium. In 
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Figure 4. Decrease in fluorescence intensity of A) FITC–Con A, B) FITC–PNA, C) percentage decrease in fluorescence intensity of FITC–Con A over 
six cycles upon interaction with Resin–Glc (4).
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the absence of calcium, consistent results were not observed 
during multiple cycles of experiments using Resin–Glc (4). 
This could be because of the free carboxylate groups present 
in Resin–Glc (4), whose negative charges could repel the nega-
tively charged cell membrane of the bacterial cells. In order to 
confirm this hypothesis, we converted the residual carboxylic 
acid groups present in Resin–Glc (4) to amide functionalities 
by coupling with methyl amine using EDC–NHS as shown in 
Scheme  2. The resultant amide-modified Resin–Glc–MeNH2 
(5) was subjected to bacterial sequestration cycles as mentioned 
for Resin–Glc (4). Satisfyingly, the experiments with Resin–Glc–
MeNH2 (5) in buffer with/without Ca2+ ions yielded results very 
similar to that obtained with Resin–Glc (4) in buffer containing 
excess Ca2+ ions. This observation suggests that the Ca2+ ions 
present in the buffer might help to crosslink the residual car-
boxylate groups present in Resin–Glc (4) to furnish consistent 
results. These results corroborate the importance of masking 
negatively charged species in the studies involving E. coli detec-
tion. Hence, in further studies using Resin–Glc (4), buffer con-
taining Ca2+ ions was used as an appropriate medium.

3.3. Kinetics of the Enzymatic Reaction of β-GUS with 4-MUG

The kinetic study of the reaction of 4-MUG with varying con-
centrations of β-GUS (0.05 × 10−6, 0.10 × 10−6, and 0.20 × 
10−6 m) showed a monotonous increase in fluorescence emis-
sion intensity with reaction time at the emission wavelength 
(λmax  = 440 nm) in aqueous buffered solution. The emis-
sion reached saturation in ≈20 min for 0.10 × 10−6 and 0.20 × 
10−6 m β-GUS under the conditions employed (Figure S8B,C, 
Supporting Information). At 0.05 × 10−6 m the reaction pro-
ceeded very slowly and did not reach completion even after 
20 min (Figure S8A, Supporting Information). On the con-
trary, in the enzyme-free buffer, no emission due to 4-MU 
was detected. The initial apparent reaction rate was found to 
increase linearly with initial enzyme concentration, which is in 
agreement with the Michaelis–Menten kinetics (Figure S8D, 
Supporting Information).[75] The limit of detection (LOD) of 

β-GUS was calculated based on the above results as shown in 
Figure S9 (Supporting Information).

3.4. Calibration Plot of 4-MUG and LOD of E. coli Cells

The emission of the released deprotonated 4-MU can be easily 
detected when observed under conventional UV illumination 
(Figure S10, inset, Supporting Information). The photographic 
image under UV illumination clearly distinguishes the E. coli 
cell concentration based on the emission from 4-MU.

A good fit calibration plot for E. coli cells using 4-MUG 
(0.20 × 10−3 m) in aqueous buffered solution was acquired with 
correlation coefficient R2 = 0.98 as shown in Figure S10 (Sup-
porting Information). The working linear range was between 
102 and 106 CFU mL−1 by fitting to linear least square relation-
ship. Commonly LOD is calculated as nonspecific signal or 
blank plus three times standard deviation of the nonspecific 
signal. Since the blank signal was negligible, the calculated 
LOD was found to be very low,[76] which is an unrealistic value 
to report and is not usually used. The lowest limit of detection 
was thus set as the lowest concentration in the linear range, 
which is 103 CFU mL−1.

3.5. Syringe Column-Based Capture and Detection of E. coli 
Using Resin–Glc (4)

The results in Section 3.2, using SYBR Green I dye, encouraged 
us to use Resin–Glc (4) in the form of a reusable solid sup-
port filled in a syringe column which can be utilized for E. coli 
capture and detection. As a preliminary study, 1 mL of E. coli 
cell suspension of a concentration of 107 CFU mL−1 was equili-
brated in a syringe column loaded with 1.00 g of Resin–Glc (4), 
as shown in Figure 6A. The number of cells captured by Resin–
Glc (4) and the residual cells drained out of the column were 
determined (Figure 6B) as per Section 2.2.8. The fluorescence 
data upon correlation with the 4-MUG calibration plot revealed 
that 105 cells were captured in the column and the residual 
solution contained ≈102 cells (Figure 6C).

3.6. Reusability and Capture Efficiency of Resin–Glc (4) in 
Column

The reusability and capture efficiency of the bacterial capture 
matrix are important parameters to be explored in order to 
understand how economically benign is the system. For reus-
ability of the matrix, efficient release of the captured bacteria 
is vital. There are many approaches which have been reported 
to release the attached bacteria from the surfaces using various 
external stimuli.[77–83] Having explored the reversible binding 
and release of Con A using mannose as the external stimuli, 
the resin surface is also anticipated to release the captured bac-
teria using the same mannose solution. In this experimental 
protocol, every capture event was followed by cell lysis to quan-
tify the E. coli cells captured by Resin–Glc (4); subsequently, 
the resins were washed with high concentration of mannose 
(300 × 10−3 m) for 0.5 h and then with PBS buffer to regenerate 
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Figure 5. Kinetics of bacterial sequestration using SYBR Green I tagged 
E. coli and S. aureus cells in contact with Resin–Glc (4).
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the resin for the next cycle. The capture efficiency of Resin–
Glc (4) was studied by varying the initial concentration of E. 
coli cells from 105 to 108 CFU mL−1. In every cycle, the E. coli 
cells were given an interaction time of 3 h with the resin. It 
was observed that the capture efficiency of the resin depends 
on contact time vide supra (Figure 5) and also on the amount 
of resin loaded in the column. Therefore, in the present study 
using 1.00 g of Resin–Glc (4), keeping contact time 3 h, at dif-
ferent initial E. coli concentrations, the maximum bacterial load 
of Resin–Glc (4) was found to be 105 cells g−1 of resin (Figure 7). 
This result was consistent up to 107 CFU mL−1 of initial E. coli 
concentration whereas for higher initial concentrations lower 
capture efficiency was observed reflecting gradual saturation of 
the resin surface.[84]

Based on the above results, in order to understand the 
reusability of Resin–Glc (4), the capture-and-release cycles 
were repeated with an initial E. coli cell concentration of 
107 CFU mL−1 for six cycles (keeping the interaction period 
3 h). It was observed that the resin surface was efficiently 
regenerated using the protocol mentioned (Section  2.2.8) 
vide supra after every cycle, without any decrease in capture 
efficiency as is evident from Figure 8. The capture efficiency 
was ≈105 CFU g−1 of Resin–Glc (4) in all the six cycles. The 
high capability for capture as well as ease of detection of 
specific bacteria and the regeneration of the capture matrix 
are of the utmost importance for many practical applications 

such as continuous detection of bacteria and downstream 
bacterial diagnostics.[55]

3.7. Detection of E. coli in Tap Water

The performance of Resin–Glc-based column for detection of 
E. coli in real samples was evaluated using tap water spiked 
with different cell densities of E. coli (102–107 CFU mL−1). The 
results obtained (Figure 9) after equilibration (3 h) of contami-
nated tap water with 1.00 g of Resin–Glc, filled in a column, 
were found to be satisfactory. It can be observed that beyond 
105 CFU mL−1, the capture efficiency decreases significantly; 
this observation is in agreement with the capture capacity 
(≈105 CFU g−1) of 1.00 g resin-filled column. Thus, the method 
portrayed is useful for the detection of E. coli in real sam-
ples with cell densities (102–105 CFU mL−1). The fluorescence 
intensity was obtained by using 4-MUG as the enzymatic sub-
strate for each of the cell densities based on the procedure 
mentioned before.

4. Conclusion

In summary, we have developed an economically benign and 
reusable resin-based solid support for efficient capture and 

Figure 6. A) Photographic image of the syringe column loaded with Resin–Glc (4). B) Fluorescence spectra corresponding to E. coli cells upon enzy-
matic reaction with MUG: initial cells added to the column (black); cells captured in the column (red); and cells drained out of the column (green). C) 
Quantification of E. coli cells upon correlation of fluorescence intensity with 4-MUG calibration plot.

Figure 7. Bar diagram depicting the capture efficiency of Resin–Glc (4) 
over four cycles at varying E. coli concentrations.

Figure 8. Bar diagram depicting the reusability of Resin–Glc (4) over six 
cycles.
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release of E. coli. This resin-based platform was developed by 
functionalizing a commercially available chloromethylated sty-
rene divinyl benzene resin with d-glucose based glycopolymer 
(Glc–AA) in few synthetic steps. The “glycocluster effect” pre-
sented by the glucose units on the resin surface is utilized to 
specifically bind glucose/mannose-binding proteins like Con A 
and fimH positive bacteria (type 1 fimbriated E. coli). Due to 
the noncovalent nature of interaction, the resin surface can 
be easily regenerated after cell lysis and subsequent washings 
using mannose solution. The E. coli cells captured by Resin–
Glc (4) can be quantified by β-glucuronidase-based enzymatic 
assay using 4-MUG. The LOD value for E. coli cells determined 
by using the 4-MUG calibration plot was found to be 103 CFU 
mL−1. The quick (≈20 min) and easy enzymatic reaction with 
4-MUG facilitated to quantify the capture efficiency of Resin–
Glc (4), which was found to be 105 CFU g−1 of resin over 3 h 
of E. coli cell incubation. The capture efficiency of the resin 
remained consistent for up to six experimental cycles. The 
robust method of synthesis of Resin–Glc (4) and efficient col-
orimetric detection make the current system a promising plat-
form for large scale applications.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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