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A B S T R A C T   

In this work, a sialic acid (SA)-imprinted thermo-responsive hydrogel layer was prepared for selective capture 
and release of cancer cells. The SA-imprinting process was performed at 37 ◦C using thermo-responsive func-
tional monomer, thus generating switchable SA-recognition sites with potent SA binding at 37 ◦C and weak 
binding at a lower temperature (e.g., 25 ◦C). Since SA is often overexpressed at the glycan terminals of cell 
membrane proteins or lipids, the SA-imprinted hydrogel layer could be used for selective cancer cell recognition. 
Our results confirmed that the hydrogel layer could efficiently capture cancer cells from not only the culture 
medium but also the real blood samples. In addition, the captured cells could be non-invasively released by 
lowing the temperature. Considering the non-invasive processing mode, considerable capture efficiency, good 
cell selectivity, as well as the more stable and durable SA-imprinted sites compared to natural antibodies or 
receptors, this thermo-responsive hydrogel layer could be used as a promising and general platform for cell-based 
cancer diagnosis.   

1. Introduction 

Molecular recognition in living systems represents a series of 
fundamental events that are crucial to a variety of biological processes in 
molecular and cellular levels [1–3]. As a consequence of external or 
internal biological stimuli, reversible changes in these natural molecular 
recognition systems like the receptor-ligand or antibody-antigen in-
teractions will occur. These dynamic interactions then trigger specific 
cell-signaling and intracellular cascades, which subsequently result in 
normal or abnormal cellular processes [4,5]. In other words, the mo-
lecular recognition-mediated cellular processes are central to both 
physiology and pathology in biosystems [6,7]. In this context, molecular 
recognition has attracted increasing interest in the development of 
advanced biomaterials and biomedical devices [5]. For biomaterial 
design and bioengineering, selective integration of natural molecular 

recognition (e.g., ligand conjugations, antibody modifications, growth 
factor loadings, and so forth) into non-biogenic materials have proven to 
be an efficient strategy to enhance their initiative to communicate with 
cells; and the increased vitality could greatly promote the biological 
performance of materials or devices, e.g., improving biocompatibility, 
accelerating tissue regeneration, or increasing the sensitivity of biolog-
ical detections [8–14]. 

Despite tremendous progress in biomaterial development, these 
natural molecular recognition systems (e.g., receptor-ligand or 
antibody-antigen interactions) still have inherent drawbacks in practical 
uses [15,16]. Apart from the physicochemical instability and short shelf 
life, their isolation and purification are often time-consuming and 
high-cost. These drawbacks thus necessitate scientists to seek more du-
rable and robust substitutions with receptor or antibody-like molecular 
specificity. Currently, various synthetic strategies to create artificial 
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molecular recognition have been developed for mimicking the molecu-
lar specificity of receptors or antibodies [17,18]. Amongst, molecular 
imprinting technology has aroused great concern due to the molecularly 
tunable reversibility and specificity of the resultant molecularly 
imprinted polymers (MIPs) in analogy with natural receptors and anti-
bodies [3,19–21]. The idea of molecular imprinting was inspired by the 
mechanism of enzyme catalysis and antibody formation. Molecular 
recognition sites in MIPs are generally created by the self-assembling 
and imprinting process of molecular templates with functional mono-
mers and crosslinkers. Similar to natural molecular recognition systems, 
these imprinted sites are spatially complementary to the shape and 
functionality of the template molecules. In view of the high physico-
chemical stability, customizable molecular specificity, low cost, and 
simplicity in synthesis, MIPs have found potentials over wide areas 
including separation, immunoassays, catalysis, drug delivery, sensing, 
bio-imaging and so forth [3,19]. 

As known, the original intention of MIPs is to mimic natural mo-
lecular recognition that commonly occurs in cellular processes [22]. The 
applications of current MIPs in cellular levels, however, are still in its 
fancy. A sharp contrast is that the molecular separation and extraction 
using MIPs have achieved great success [23–25], while cell separation 
based on the molecular specificity of MIPs have rarely been explored [3, 
26–28]. In fact, cell separations are very important in both fundamental 
cell biology and modern medical diagnosis [29]. For example, selective 
isolation of cancer cells from blood stream (i.e., circulating tumor cells, 
CTCs) has shown great promise in cancer theranostics. This is because 
CTCs analysis will provide important information for cancer early 
diagnosis and prognosis [7,30]. In view of this, fabrication of a 
MIPs-based platform for selective cancer cell isolation is of great sig-
nificance in not only the functioning replicates of natural molecular 
recognition in biosystems but also the development of advanced medical 
theranostics. 

To create MIPs with cell recognition, one of the rational methods is 
imprinting of a specific biomarker that is attached on the out layer of cell 
membrane [3]. Sialic acid (SA) has been found to be a key constituent in 
the glycans of cell membrane proteins or lipids, and it has proven to 
correlate with several pathological processes, in particular, the cancers 
[31,32]. The overexpression of SA residues on cancer cell surface thus 
provides the opportunity to generate cancer affinity by tailoring MIPs 
with specific SA-recognition, and this mechanism has been used for 
targeted cancer cell imaging using the SA-imprinted nanoparticles 
[33–35]. These precedents indicated the SA-imprinted sites in MIPs are 
crucial to specific cancer cell recognition, and theoretically, they may 
also act as a selective driving force for cancer cell separation. In view of 

this, we take one step further in this study and intent to employ the 
specific SA-recognition of MIPs for selective cancer cell isolation (Fig. 1). 
This work will expend the applicability of artificial molecular recogni-
tion (i.e., MIPs) from simple molecular separation or extraction to se-
lective cellular isolation, and this is promising in cell-based cancer early 
diagnosis and prognosis. In our design, we will prepare a layer of 
SA-imprinted hydrogel and investigate SA-recognition-induced cancer 
cell attachment on the surface. To facilitate subsequent cell detachment 
and harvesting, thermo-responsiveness is involved in this system in 
order to generate switchable SA-recognition through a temperature 
transition manner. When the thermo-responsive hydrogel layer is 
incubated with cancer cells at 37 ◦C, surface SA-recognition will trigger 
specific cell capture. Upon reduction of the temperature to 25 ◦C, the 
deteriorative SA-recognition caused by changes of the SA-imprinted 
sites in shape and functionality will lead to rapid release of the bound 
cancer cells. Compared with its natural counterparts, MIPs-based mo-
lecular recognition features low-cost and durable, and especially in this 
study, the molecular specificity towards SA could be tailored with 
thermo-switchability. Therefore, we believe that the work may give a 
paragon for the fabrication of cell isolation platforms through chemi-
cally designed molecular recognition. Moreover, the physiologically 
acceptable thermo-responsiveness enables the low- or non-invasive cell 
harvesting, implying the superiority of this study in accurate cancer 
diagnosis that is highly depended on the state of captured cancer cells. 

2. Materials and methods 

2.1. Materials 

Sialic acid (SA, 98%, HEOWNS), 3-methacrylamidophenylboronic 
acid (MAPBA, 98%, HEOWNS), N-(3-aminopropyl)methacrylamide hy-
drochloride (NAPMAAm, 98%, Aladdin), ammonium persulphate (APS, 
98%, Sinopharm), N,N,N′,N′-tetramethylethylenediamine (TEMED, 
99.5%, Aladdin), 3-(trimethoxysilyl)propyl methacrylate (MPTS, 97%, 
Aladdin) was used as received. N-isopropylacrylamide (NIPAAm, 98%, 
Aladdin) was recrystallized from n-hexane, acrylamide (AAm, 99%, 
Aladdin) and N,N′-methylenebisacrylamide (MBAAm, 99%, Aladdin) 
were used after recrystallization from acetone. Cover glass with a size of 
24 mm × 32 mm and quartz slides with diameters of 15 mm were 
purchased from Citotest. By using the Spring laboratory pure water 
system based on RO-DI step-by-step purification technology, the mini-
mum resistivity of deionized water (dH2O) can reach 18.2 MΩ cm. 
Trypsin/EDTA (ethylenediaminetetraacetic acid) solution (0.25%), 
streptomycin, penicillin, RPMI (Roswell Park Memorial Institute) 1640 

Fig. 1. Thermo-responsive SA-imprinted hydrogel layer enables selective capture and release of cancer cells (e.g., HepG-2, human liver carcinoma cells) through 
surface molecular specificity towards the overexpressed SA on the glycan terminal of cell membrane proteins. 
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medium, MEM (minimum essential medium) medium and FBS (fetal 
bovine serum) were purchased from Gibco BRL (USA). Phosphate- 
buffered saline solution (PBS, 10 mmol/L, pH = 7.4) was purchased 
from HyClone (USA). Acridine orange (AO) and propidium iodide (PI) 
were purchased from Beijing Solarbio Science & Technology Co., Ltd. 
Phycoerythrin (PE)-anti-CD45 and FITC-anti-Asialoglycoprotein recep-
tor 1 (ASGPR1) were purchased from Santa Cruz Biotechnology (USA), 
Cell Counting Kit-8 (CCK-8), 3,3′-dioctadecyloxacarbocyanine perchlo-
rate (DiO), 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine 
perchlorate (DiI) were purchased from Beyotime Biotechnology 
(Shanghai, China) and were used as received. The brands and sources of 
all other biochemical reagent will be mentioned in the experimental 
methods as described below. 

2.2. Preparation of thermo-responsive SA-imprinted and non-imprinted 
hydrogel layer  

a) Surface silanization of quartz slides 

Quartz slides were firstly activated by using piranha solutions, a 
mixture of concentrated H2SO4 to 30% H2O2 solutions (2:1, v/v), at 
90 ◦C for 1 h. Then, the slide was washed with ultrapure water and dried 
with argon. This step was repeated 3 times. After that, the slide was 
treated for 1 h in a silanization solution that was prepared by diluting 
MPTS (0.5 mL) in the mixture of ethanol (50 mL) and diluted glacial 
acetic acid (1.5 mL, 10% v/v). The double bond functionalized quartz 
slides were washed with ethanol, dried in the N2 for further use.  

b) SA-imprinting on the silanized quartz slides 

The schematic illustration of SA-imprinted hydrogel layer was shown 
in Fig. 2. Typically, SA (9.3 mg, 0.03 mmol), MAPBA (5.7 mg, 0.03 
mmol), NAPMAAm (5.3 mg, 0.03 mmol), NIPAAm (40.5 mg, 0.36 
mmol), AAm (12.7 mg, 0.18 mmol), MBAAm (3.9 mg, 0.025 mmol) were 
dissolved in 1 mL PBS (10 mmol/L, pH = 7.4). After filtered with a 0.22 
μm membrane, the solution was purged with N2 for 30 min to remove 
oxygen in the reaction system. Subsequently, APS (15 μL, 10%, m/v) and 
TEMED (30 μL, 10%, v/v) were added. Then, 10 μL of the solution was 
immediately placed between the cover glass slide and the MPTS- 
functionalized quartz slide, the reaction was conducted in an incu-
bator at 37 ◦C for 3 h. After the reaction, the cover glasses were removed 
with forceps and the resultant SA-imprinted hydrogels was coated on the 
support quartz substrate (i.e., SA-imprinted hydrogel, SIH). SIH was 
washed with HCl solution (pH = 5) to remove the SA template and 

equilibrated in PBS solution for further use. The non-imprinted hydrogel 
(denoted as NIH) was also prepared and washed in the same way 
without the addition of SA template molecules. 

2.3. Preparation of SA-imprinted bulk hydrogel 

SA-imprinted bulk hydrogel with the same composition was pre-
pared for binding test. The preparation procedure was described as 
follows: 37.2 mg (0.12 mmol) of SA, 22.8 mg (0.12 mmol) of MAPBA, 
21.6 mg (0.12 mmol) of NAPMAAm, 162 mg (1.432 mmol) of NIPAAm, 
50.8 mg (0.716 mmol) of AAm, 15.6 mg (0.1 mmol) of MBAAm were 
dissolved in 4 mL PBS (10 mmol/L, pH = 7.4), and left to rest at 4 ◦C for 
12 h. After taking out, purge with N2 for 30 min to remove oxygen in the 
reaction system. Subsequently, APS (60 μL, 10%, m/v) and TEMED (120 
μL, 10%, v/v) were added. After joining the initiation system, immedi-
ately added the mixed prepolymer into the gel electrophoresis scaffold 
and react at 37 ◦C for 3 h. After the reaction, the gel-like bulk hydrogel 
polymer was taken out, and a uniform disk was punched out with a 3 
mm diameter gel punch. After removal of the template with HCl solution 
(pH = 5), and the hydrogel was equilibrated in PBS for later use. As a 
control, non-imprinted bulk hydrogel was prepared by the same method 
without the addition of SA during the imprinting process. 

2.4. Binding tests  

a) Equilibrium binding 

Different hydrogel solutions (2, 4, 8, 12, 24 mg/mL in PBS) and SA 
(10 μg/mL in PBS) (C0) were mixed and incubated at 37 ◦C for 12 h. 
Upon reaching the binding equilibrium, the concentration of SA in the 
supernatant (Ceq) was analyzed by HPLC (high performance liquid 
chromatography), and the amount of SA bound (B%) onto the hydrogels 
was calculated. HPLC analysis was performed using 0.1% H3PO4 as 
mobile phase, a RP-AQUA column (Sunniest RP-AQUA, 250 × 4.6 mm), 
a flow rate of 0.8 mL min− 1, an injection volume of 20 μL, and the 
detection wavelength for SA is 205 nm. The equation for the calculation 
of SA binding is: 

B%=(C0 ​ − ​ Ceq)/ ​ C0 × 100%    

b) Isothermal binding 

Binding isotherms were further studied to determine their associa-
tion constants toward the SA through Scatchard analysis. Typically, 

Fig. 2. Strategy to create SA-imprinted sites (i.e., SA-recognition) on thermo-responsive hydrogel layer by means of molecular imprinting on quartz substrate.  
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hydrogel (24 mg/mL) was incubated with a series of SA solutions (C0 =

2–40 μg/mL, 1 mL) at 37 ◦C for 12 h. The amounts of SA bound onto the 
hydrogels were determined by HPLC. The Scatchard equation is: 

B/F ​ = ​ Ka ​ (Bmax ​ − ​ B)

where Ka and Bmax represent the binding association constant and 
apparent maximum number of the binding sites, respectively; F refers to 
the amount of SA template remaining in the supernatants after equi-
librium binding.  

c) Thermo-responsive binding 

Temperature-sensitive binding properties of the hydrogels is studied 
by measuring the SA adsorption capacity at a lower temperature 25 ◦C. 
The different adsorption data at 37 and 25 ◦C will indicate the thermo- 
responsive binging property. 

2.5. Cell culture 

Human liver cancer cells (HepG-2, with overexpressed SA on the cell 
surface) (obtained from Shanghai Cell Center) were cultured in RPMI 
1640 medium supplemented with 10% fetal bovine serum and 1% 
penicillin-streptomycin. Fibroblasts (L929 cells) (obtained from 
Shanghai Cell Center) were cultured in MEM medium supplemented 
with 10% fetal bovine serum and 1% penicillin-streptomycin. All cells 
were cultured at 37 ◦C with 5% CO2 atmosphere. The medium was 
changed three times weekly, and the cells were harvested using 0.25% 
trypsin and 0.26 mM EDTA in PBS after reaching sub-confluency. For 
cell capture, HepG-2 cells were pre-stained by DiO (green), and L929 
cells were prestained by DiI (red) before use. 

2.6. Cell capture and release 

The hydrogel layer SIH and NIH were placed in a 24-well plate and 
stored with 1 mL PBS. Then removed PBS and added 1 mL of DiO-pre- 
stained HepG-2 cells (5 × 104 cells/mL) to each well, then incubated 
at 37 ◦C for 1, 1.5, 2, and 2.5 h respectively. After that, the medium was 
removed, and the weakly adsorbed cells were mildly washed with PBS. 
The captured cells on the SIH and NIH were then counted, respectively. 
For the cell release experiment, the captured cells were then cooled at 
25 ◦C for 30 min and then mildly washed with PBS, followed by fluo-
rescence microscope analysis and cell counting. Randomly shot with a 
digital camera was used to quantify the captured cells, and then scaled 
up to calculate the total amount of captured cells. 

2.7. Cell viability 

The original and recovered cells were first assessed by a live/dead 
assay by staining the live and dead cells with AO (green, 20 μg/mL) and 
PI (red, 15 μg/mL), respectively. The stained cells were examined and 
evaluated under fluorescence microscope. The original cells and recov-
ered cells were sub-cultured in a 6-well plate (1 × 104 cells/well). After 
incubation for 1, 3, or 5 days in the medium at 37 ◦C, the cell adhesion 
status was observed using a microscope and cell proliferation was 
evaluated through CCK-8 assay. CCK-8 solution (100 μL) was added to 
each well, and the cells were incubated at 37 ◦C for 24 h. The absorbance 
was measured at 450 nm using a microplate spectrophotometer (BioTek, 
Winooski, VT, USA). Each sample was tested 6 times in parallel. 

2.8. Selective capture in cell mixtures 

In order to study the selectivity of SIH towards SA-overexpressed 
cancer cells, HepG-2 cells and normal fibroblast cell line (L929 cells) 
were both introduced as interfering cells. Briefly, DiI-pre-stained L929 
cells were added to the culture medium that containing DiO-pre-stained 

HepG-2 cells. The cell mixture was at a ratio of 2:1 (L929/HepG-2), and 
the total cell density was 5 × 104 cells/mL. The purity and yield of 
HepG-2 cells on hydrogel layer were studied by a fluorescence 
microscope. 

2.9. Cell capture in artificial CTC blood samples 

Rat blood sample was acquired from experimental animal center of 
Jiangsu university. 200 HepG-2 cells were added in 1 mL of whole blood 
to obtain artificial CTC blood sample. The blood sample was added to 
SIH and incubated at 37 ◦C for 120 min. Then, the non-specific adsorbed 
cells from the blood sample washed with PBS for 3 times. The captured 
cells were fixed and permeabilized, and then stained with 10 μL of PE- 
anti-CD45 and FITC-anti-ASGPR1 solutions and 10 μL Hoechst 33,342 
at 4 ◦C for 12 h. The capture efficiency of HepG-2 cells was calculated 
according to the fluorescence images taken under an inverted fluores-
cence microscope. 

2.10. Statistical analysis 

Statistical analyses were performed using one-way analysis of vari-
ance (ANOVA) followed by Tukey’s test. Two-way analysis of variance 
was only used when comparisons were made with two or more inter-
connected variables. The differences between two groups are considered 
significant when the p-value is less than 0.05. 

3. Results and discussion 

3.1. Preparation of SA-imprinted hydrogel 

The procedure to prepare SA-imprinted hydrogel layer was presented 
in Fig. 2. The imprinting process was carried out by redox-initiated 
polymerization (ASP/TEMED) at 37 ◦C in PBS using NIPAAm as the 
thermo-sensitive monomer and MAPBA, NAPMAAm, AAm, and MBAAm 
as the diol-binding [36–38], amine-coordinated [39], 
hydrogen-bonding monomers and crosslinker, respectively. Polymeri-
zation was initiated between a MPTS-functionalized quartz slide and a 
cover glass, subsequently leading to a thin layer of SA-imprinted 
hydrogel on the quartz slide. After that, the SA template molecules, 
adsorbed oligomers, and unreacted monomers on the hydrogel layer 
were removed by alternately rinsing with deionized water and diluted 
solution of HCl (pH = 5), and finally was stored in PBS. 

The SA-imprinted hydrogel (SIH) layer and its non-imprinted control 
hydrogel (NIH) layer were first characterized using Fourier transform 
infrared spectroscopy (FT-IR) to study their chemical composition 
(Fig. 3A). Clearly, the characteristic peaks of poly (NIPAAm) such as the 
amide I band (1644 cm− 1, C––O stretching) and amide II band (1541 
cm− 1, N–H stretching) were observed [40]. Note that the characteristic 
peak of B–O stretching around 1340 cm− 1 in the hydrogels was not 
found, probably due to low content of poly (MAPBA) in the hydrogel 
network (less than 5% in the repeated units). Nevertheless, the result 
confirmed the successful grafting of a layer of polyacrylamide-based 
hydrogel on quartz slide. The SIH and NIH hydrogel layer were 
further studied using scanning electron microscope (SEM) (Fig. 3B). 
Both SIH and NIH showed flat surfaces owing to the cover glass during 
polymerization. According to the surface scratch caused by a syringe 
needle, the thickness of hydrogel layer was estimated to be 1–3 μm. 

Since poly (NIPAAm) is sensitive to environmental temperature [26, 
41], we then investigated the thermo-responsiveness of SIH and NIH. 
Different surface wettability at different temperature represents one of 
the thermo-responsive properties of poly (NIPAAm). Thus, we checked 
the surface hydrophilicity/hydrophobicity through water contact angle 
measurement (Fig. 3C). The SIH and NIH both showed more spreading 
water drops on the surface at 25 ◦C as compared to that of a high tem-
perature at 37 ◦C. The water contact angles of SIH and NIH both could 
increase approximately 6 ~ 7◦ when the temperature reduced from 37 to 
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25 ◦C. In addition to the temperature-dependent surface wettability, we 
also investigated the thermo-responsive swelling and shrinking prop-
erties of two hydrogels. The SA-imprinted and non-imprinted hydrogels 
without quartz as supports but with the same chemical compositions to 
SIH and NIH were also prepared. Changes of their sizes in PBS at 
different temperatures (i.e., 25 or 37 ◦C) were recorded upon achieving 
the swelling equilibria (in 30 min). As shown in Fig. 3D, the resultant 
two hydrogel both exhibited great volume increases (i.e., marked 
swelling) when the environment temperature reduced from 37 ◦C to 
25 ◦C. This result, together with the temperature-dependent surface 
wettability, jointly suggested the thermo-responsiveness of the 
PNIPAAm-containing SIH and NIH, which may affect greatly on the SA 
binding properties. 

3.2. SA rebinding properties of the thermo-responsive imprinted hydrogel 

The imprinting mechanism was then confirmed by testing the SA 
rebinding properties of SIH and NIH. Equilibrium binding experiments 
were first performed by incubating the SIH or NIH hydrogels in fixed 
concentration of SA in PBS solution at 37 ◦C. As shown in Fig. 4A, the 
SIH hydrogel could bind more SA than their corresponding NIH over the 
testing concentration ranges. For example, in PBS with 10 μg/mL of SA, 
24 mg of SIH hydrogel could bind 50.1% of SA, while the equivalent 
binding amount for the control NIH was only 21.3%, preliminarily 
suggesting the presence of SA binding sites in SIH and meanwhile 
verifying the success of SA imprinting process. To get more information 
about the SA binding characteristics, isothermal adsorption experiments 
were further performed and studied with Scatchard analysis (Fig. 4B and 
C) [42]. After incubating the two types of hydrogels in different SA 

solutions at 37 ◦C for 12 h (to ensure binding equilibrium), the amount 
of bound SA on SIH and NIH was quantified. Likewise, SIH showed 
significantly higher SA binding capacity as compared to NIH over a wide 
range of SA concentrations (Fig. 4B). Scatchard analysis of the 
isothermal binding data showed that the plots for SIH could be fitted 
into two straight lines, indicating the heterogeneous binding sites to-
wards SA in SIH, i.e., the high-affinity and low-affinity sites. The binding 
association constant (Ka) of high-affinity sites was determined to be 
4.75 × 104 M− 1, which is significantly stronger than that of the 
low-affinity sites (1.12 × 104 M− 1) (Fig. 4C). The presence of such kind 
of high specific binding sites in SIH further confirmed the successful 
imprinting of SA in the hydrogel network. 

Since these poly (NIPAAm)-based hydrogels possessed thermo- 
responsive surface wettability and inner structural changing proper-
ties, their temperature-dependent SA rebinding property was further 
determined (Fig. 4D). At 37 ◦C, the SIH hydrogel show 2.4-fold higher 
SA binding capacity than that of the NIH hydrogel. When the tempera-
ture decreased into 25 ◦C, both SIH and NIH showed significantly 
reduced SA binding, and the SIH showed a much larger reduction than 
NIH. In addition, the difference of binding capacity between SIH and 
NIH at 25 ◦C became less significant. Such kind of reduction in the 
binding ability at 25 ◦C is probably due to the swelling-induced inner 
structural changing and subsequently the loss or even disappearance of 
SA imprinting sites in SIH. Conceivably, the thermo-responsive SA- 
imprinted sites in SIH hydrogel might be used for not only selective 
recognition of cancer cells with overexpressed SA on the membrane 
glycans at 37 ◦C, but also rapid release of the bound cells upon cooling 
down the temperature, such as 25 ◦C or lower. 

Fig. 3. (A) FT-IR spectrum of the SIH and NIH hydrogels on quartz substrates. (B) The SEM images of SIH and NIH on quartz substrates. The scratch on SIH was 
caused by slicing the surface with a syringe needle. (C) the surface wettability of SIH and NIH at different temperature. Inset show the water drop profiles (4 μL) on 
the surfaces. 

Y. Ma et al.                                                                                                                                                                                                                                      



Bioactive Materials 6 (2021) 1308–1317

1313

3.3. Cancer cell capture and release 

With this thermo-responsive and SA-specific platform in hand, we 
then investigated the capture and release properties of SIH and NIH 
towards a model cancer cell line HepG-2, which has proven to over-
express SA at the glycan terminal of membrane glycoproteins [43]. Both 
SIH and its control NIH were incubated with DiO-pre-stained HepG-2 
cells (green) in 1 mL of cell culture medium (5 × 104 cells/mL). The 
specifically captured cells (i.e., the non-specific cell capture was mildly 
washed away) on SIH and NIH at different time intervals were recorded 
with the assistance of a fluorescence microscope. As shown in Fig. 5A, 
the number of captured HepG-2 cells on SIH and NIH both exhibited a 
time-dependent manner, and the SIH with SA-imprinted sites was found 
to be able to capture an abundance of cells, which was much more than 
that on the non-imprinted control NIH. Quantitative analysis showed 
that, after incubation for 2.5 h, the SIH could capture 1.67 × 104 cells 
with a capture efficiency around 33.4% (Fig. 5B). In contrast, only 0.13 
× 104 HepG-2 cells (capture efficiency: 2.5%) were found on the control 
group NIH, indicating the low non-specificity of NIH for cell attachment. 
Note that the low and non-specific cell binding on NIH was mainly due 
to the relatively hydrophilic polymer backbone of poly (NIPAAm), 
which has proven, in our previous study [40], to be cell repellent in 
absent of surface tethered cell binding actors. In other words, the results 
confirmed that the SA-recognition sites in SIH could significantly 
enhance HepG-2 recognition and meanwhile improve the capture ca-
pacity in spite of its inherent cell repelling surface. 

Since the SA-recognition sites in SIH was thermo-sensitive and the 
SIH surface would loss its SA binding capacity at low temperature (e.g., 
25 ◦C) (Fig. 4D), the SIH layer with capture cells was then incubated in 

cell culture medium at 25 ◦C to examine its thermo-responsive cell 
release property. As shown in Fig. 5C, a rapid cell detachment from the 
SIH surface could be observed in 30 min. Quantitative analysis revealed 
that more than 99% of the captured HepG-2 cells could be released, and 
the residual cells were rarely found on the hydrogel surface (Fig. 5D). 
This phenomenon demonstrated that the SIH hydrogel layer with 
thermo-responsive SA binding ability could efficiently capture SA- 
overexpressed cancer cells and rapidly release them through a biologi-
cally acceptable temperature transition method. To get insight into the 
mechanism of cell attachment and detachment, we then observed the 
states of captured cells on SIH during the releasing process (Fig. 5E). We 
found that the captured HepG-2 cells on SIH after 2.5 h of incubation 
showed a slightly spreading state, implying that the SA-binding sites of 
SIH facilitated cell attachment. Upon lowing the temperature (e.g., 
25 ◦C), a gradual change of the binding morphology of HepG-2 cells 
from spreading to round shape was clearly observed in 30 min. There-
fore, we deduced that the low-temperature-induced loss of SA-binding, 
decreasing cell recognition on the surface, and subsequently the cell 
shrinking behavior contributed to the rapid and efficient release of 
captured HepG-2 cells. This result, together with the high capture effi-
ciency and rapid release rate, implied the potential of this MIPs-based 
thermo-responsive platform for cancer cell collection. 

3.4. Cell viability after capture/release process 

To verify the non-invasive cell capture and release process, we then 
evaluated the viability of released cells from SIH during the temperature 
transition process. After one capture/release cycle, the cells were 
collected and re-seeded on tissue culture polystyrene (TCPS) plates. 

Fig. 4. (A) Equilibrium bindings of SA in PBS (10 μg/mL) on different amount of SIH or NIH. (B) Binding isotherms of SA onto SIH or NIH (24 mg/mL) in PBS over a 
SA concentration range of 0–40 μg/mL. (C) Scatchard analysis of the binding isotherms. (D) Thermo-responsiveness of the binding capacity. 
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Adhesion and growth profiles of the recovered and original HepG-2 cells 
on the TCPS plate were recorded after 1, 3, and 5 days of culture 
(Fig. 6A). Clearly, the recovered HepG-2 cells could re-adhere on TCPS, 
and the cell growth behaviors was found to be comparable to that of 
untreated original ones. This result indicated that the recovered cancer 
cells was not negatively affected by temperature transition process. 
Live/dead cell-staining assay was further employed to evaluate the vi-
abilities of recovered HepG-2 cells. Fluorescent images of the original 
and recovered cells in Fig. 6B both indicated an overall vitality with only 
very few or negligible damaged cells. Quantitative analysis, by counting 
the live and dead cells on the surface, revealed that the 98.3% of the 
recovered cells were alive, further confirming the non-invasive, highly 
biocompatible properties of the thermo-responsive hydrogel layer for 
cell harvesting and isolation. 

3.5. Selectivity of cell capture 

The ability to selectively capture cancer cells from the mixture of 

multiple cells is highly desired, in particular, in the practical isolation of 
CTCs from blood. Thus, the specific cancer cell capture was further 
carried out in a cell mixture with both the SA-overexpressed HepG-2 and 
normal mouse fibroblast L929 cells. Such cell-purification assay was 
performed using an initial ratio of HepG-2 and L929 cells around 1:3. We 
intended to applied one capture/release cycle to improve the purity of 
HepG-2 cells. The two type of cells were pre-stained with DiI (red, for 
L929) and DiO (green, for HepG-2), respectively. Fluorescent micro-
scope was first used to analyze the cell purity. After incubation of SIH in 
the cell mixture at 37 ◦C for 2 h, the SIH layer was taken out, mildly 
washed with PBS, and then placed at 25 ◦C followed by collecting the 
released cells. As shown in Fig. 7A, the fluorescent images of cell mixture 
after one cycle of capture/release process showed a significant increase 
in the numbers of HepG-2 cells. Quantitative analysis revealed that the 
purities of HepG-2 cells were increased from 32.5% to 89.6%, and more 
than 40% the initial HepG-2 cells could be finally recovered (Fig. 7B). 
The result indicated the potential of this thermo-responsive platform for 
selective cancer cell isolation in complex cell samples. 

Fig. 5. Cancer cell capture and release. (A) Time-dependent cell capture by the SIH and NIH hydrogel layer (HepG-2 cell, DiO-pre-staining, green). (B) The numbers 
of captured HepG-2 at different time intervals. (C) Temperature-induced cell release. (D) Cell release efficiency. (E) Details of the captured cells during the capture 
and release process. 
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3.6. Identification and analysis of artificial CTC blood samples 

In view of the above positive results, we finally proceed to use the 
thermo-responsive hydrogel layer for isolating rare cancer cells (e.g., 
HepG-2 cells) from blood samples. To mimic the CTCs-containing blood 
of cancer patients, we employed mouse whole blood as the substitute 
and spiked with 200 HepG-2 cells per mL. This artificial CTC blood 
sample was then incubated with the SIH hydrogel layer for cell capture. 
After 2 h of incubation, the captured cells on SIH were identified and 
enumerated through a three-color immunocytochemistry assay, in 
which PE-labeled anti-CD45 (PE-CD45), FITC-labeled anti-asialoglyco-
protein receptor 1 (FITC-ASGPR1), and Hoechst 33,342 were used to 
recognize the white blood cells (WBCs), HepG-2 cells, and the cell 
nuclei, respectively [44,45]. Fluorescent images indicated that the 
HepG-2 cells in blood could be captured by SIH with non-specific 
attachment of WBCs (Fig. 7C). Quantitative analysis of three parallel 
trials indicated that the thermo-responsive cell capture platform could 
capture more than 15% of the spiked HepG-2 cells from the artificial 
CTCs blood samples, suggesting a considerable cancer cell capture effi-
ciency (Fig. 7D). It was also worth mentioning that, by lowing the 
temperature, all the bound cells could be the released from SIH surface, 
implying a simple and convenient process for cell harvesting. In a word, 
the above results jointly demonstrated that the MIPs-based platform 
with switchable SA-recognition would be a promising tool for CTC 
isolation and purification, and the thermo-responsive mechanism in this 

work could also provide a low- or non-invasive strategy that is highly 
desired in accurate cancer diagnosis. 

4. Conclusions 

In summary, we reported here a thermo-responsive hydrogel layer 
with chemically designed molecular recognition sites for selective can-
cer cell isolation. Molecular imprinting technique was employed to 
generate the molecular affinity towards SA, a specific biomarker that is 
commonly overexpressed at the glycan chains of glycoproteins on cancer 
cells. By introducing thermo-responsive poly (NIPAAm) as the hydrogel 
backbone, switchable SA-recognition could be achieved on the hydrogel 
layer and shown up in a temperature-dependent manner. Due to the 
cancer-specificity of SA, the thermo-responsive SA-recognition 
possessed controlled cancer cell-targeting activity, which enabled se-
lective capture and release of cancer cells (e.g., HepG-2) by changing the 
temperature. Our results showed that the thermo-responsive hydrogel 
layer could efficiently capture cancer cells from both the cell culture 
medium and real blood samples at 37 ◦C, while the captured cells could 
be non-invasively released and harvested at 25 ◦C. We anticipate that, 
the non-invasive processing mode, considerable capture efficiency, good 
cell selectivity, as well as the more durable molecular recognition sites 
compared to natural antibodies or receptors, would make this MIPs- 
based platform a useful and general tool for CTCs detection and 
collection. 

Fig. 6. The biocompatibility of thermo-responsive cell harvesting process. (A) The proliferation profiles of the original and recovered HepG-2 cells in 5 days. (B) The 
fluorescent images of HepG-2 cell after live/dead staining. (C) Quantitative result of live/dead cell-staining assay. 
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