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HIGHLIGHTS 

 Antifouling polymer brushes with incorporated aptamer ligands specific to thrombin 

 Affinity interaction analysis of three established aptamers on polymer brushes architecture 

compared to regular thiol SAM  

 Superior antifouling properties of functionalized poly[(N-(2-hydroxypropyl)-methacrylamide)-

co-(carboxybetaine methacrylamide)] brushes compared to regular thiol SAM allowed for 

direct label-free SPR detection of thrombin 

 Implementation of direct detection of thrombin in 10% whole human blood at clinically 

relevant concentrations in 15 min 

 

 

ABSTRACT 

Optical affinity biosensors are pursued for timely monitoring of thrombin in human blood, which is of 

urgent need in tailored anticoagulation therapies. However, the unspecific deposition of molecules, 

cells, and aggregates from the blood at their surface (also termed fouling) severely hinders their 

development and impedes the deploying of this technology to everyday clinical practice. We addressed 

this challenge by designing surface plasmon resonance (SPR) sensor chip with an antifouling polymer 

brush architecture and incorporated thrombin aptamer bioreceptors. Poly[(N-(2-hydroxypropyl)-

methacrylamide)-co-(carboxybetaine methacrylamide)] brushes were synthesized on gold sensor chip 

surface via photoinduced single-electron transfer living radical polymerization and postmodified with 

three thrombin aptamers (HD1 short, HD1 and HD22). The affinity interaction of the aptamer 

bioreceptors with thrombin (as well as with other molecules present in the blood) was investigated and 

changes in their performance when incorporated into the polymer brushes were characterized. The 

combination of brushes and aptamer bioreceptors allowed for the analysis of medically relevant 

concentrations of thrombin in the 10% blood by direct SPR detection format. This is the first time that 

the optical affinity biosensor is demonstrated for label-free analysis of biomarkers in a minimally 

processed human blood without a need for pre-separation steps. We believe that this system constitutes 

a basis for the future affinity biosensor applications that are suitable for the clinical settings and can be 

readily adapted to detect a range of important biological markers. 

 

Keywords: surface plasmon resonance; polymer brushes; antifouling surface; aptamers; thrombin; 

whole human blood; point-of-care 
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1. Introduction 

Thrombin is an essential enzyme of hemostasis and it keeps at check bleeding by initiating coagulation 

in healthy individuals. Its misbalance may lead to hemorrhage or thrombosis - severe conditions that 

are accompanied by excessive bleeding, pulmonary embolism, stroke, or myocardial infarction [1,2]. 

Therefore, the concentration of thrombin in the blood is an important marker in clinical practice. It 

dictates the anticoagulation strategy to be followed for patients subjected to cardiac surgery, 

extracorporeal membrane oxygenation therapy, and even dialysis. Notably, the lack of means to 

monitor changes in the concentration of this biomarker directly results in the administration of higher 

doses of anticoagulants. Although the anticoagulation may later be reversed (if some indirect test 

shows that the levels of thrombin are too low), this often causes a window of time in which the patient 

may suffer from hemorrhages. New biosensor technologies for rapid analysis of thrombin constitute a 

promising tool to prevent the hemostatic complications, tailor the anticoagulation therapy, and guide 

the timely decision making in the operating room. However, the unspecific interaction of blood-

derived constituents with the surface of affinity biosensors (fouling) hinders the readout of the specific 

sensor signal and it is arguably the most limiting factor hampering their progress in the clinical 

applications [3]. 

The vast majority of reported label-free biosensor concepts with rapid direct detection format were 

demonstrated for the analysis of target analytes in buffer or diluted blood serum or plasma [4,5]. These 

results are only a pre-step towards the direct detection in minimally or unprocessed whole blood, 

which (arguably) represents the most challenging medium [6]. In order to overcome the problem of 

sensor fouling, there was implemented pre-separation of blood components by using a two-stage 

microfluidic platform [7], microfilter [8], continuous-flow diffusion filter [9] or by applying a 

centrifugal force [10]. In addition, there was pursued research on an alternative strategy to minimize 

the blocking of sensor surface with blood constituents based on coatings with antifouling properties 

including self-assembled monolayers (SAMs) with oligo(ethylene glycol) chains (OEG) [11,12], 

tethered zwitterionic groups [13] and grafting polymer chains forming brushes [14]. OEG-SAMs are 

formed by tightly packed ordered molecules that carry short OEG headgroups oriented towards the 

sample. The hydration of OEG moieties provides sufficient repellence from model matrices 

comprising proteins such as human serum albumin (HSA), fibrinogen, lysozyme, and immunoglobulin 

G (IgG) that are the most abundant constituents of blood. However, these SAMs fail to resist fouling 

when they are brought in contact with more complex biological media such as blood plasma and 

serum [15–17]. Improved resistance to fouling was achieved when the head-group of the SAM 

comprised zwitterionic groups. For instance, zwitterionic peptides were shown to prevent the 

unspecific protein adsorption from 2% serum [13] and 1% human whole blood [18]. Such advanced 
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performance is attributed to the ability of zwitterionic groups to structure water, which generates an 

enthalpic barrier to fouling. This barrier, however, cannot fully prevent adsorption of less diluted blood 

and undiluted blood plasma when introduced to SAM-based architectures. To date, further increased 

resistance to fouling has been achieved by several types of hydrophilic polymer brushes. This type of 

biointerface takes advantage of high-density polymer chains grafted to the sensor surface to prevent 

fouling by a combination of an enthalpic barrier, strong solvation, and an entropic penalty. The 

utilization of various hydrophilic polymer brushes has been reported, but among them, only several 

types fully prevented the fouling from undiluted blood plasma. Currently, the best antifouling 

performance has been achieved with zwitterionic carboxybetaines (methacrylate [19], acrylamide [20] 

and methacrylamide [CBMAA] [21]) and N-2-hydroxypropyl methacrylamide (HPMA) brushes [22].  

Although the described biointerfaces were showed to repel blood plasma proteins, their properties 

often change when implemented to an affinity biosensor that requires their post-modification with 

bioreceptors. The chemical procedures employed in the ligation of the bioreceptor to the polymer 

brushes lead to irreversible changes in their structure and a concomitant loss of their antifouling 

performance [23]. To circumvent this problem, two antifouling monomers (CBMAA and HPMA) were 

statistically copolymerized in molar ratio 17:3 in order to provide only a small fraction of the side 

chains for the ligation of bioreceptors. This approach resulted in the minimal changes in the chemical 

structure of the polymer brushes and allowed preserving their antifouling properties. This concept was 

implemented in several surface plasmon resonance (SPR) – based sensors for the analysis of biological 

samples using the protein bioreceptors such as hepatitis B surface antigen-HBsAg or anti-fetuin-A IgY 

antibody [24–26].  

In our recent work [27], we presented a compact SPR sensor device based on a gold-coated grating 

that was modified by poly(HPMA-co-CBMAA) brushes with HD1 aptamer and used for detection of 

thrombin in undiluted human plasma. In this approach, the optical probing is utilized through the 

analyzed sample, which is not suitable for the analysis of blood samples with large constituents that 

absorb and scatter light. Herein, we therefore further extended this work for the analysis of 10% 

human blood and investigate options to improve the performance of the sensor by using different 

thrombin DNA aptamer sequences that recognize two distinct binding sites of thrombin (exosite I and 

II). The DNA aptamers constitute an attractive alternative to the protein recognition elements as they 

can be engineered in a test tube and mass-produced by chemical synthesis [28]. In addition, aptamers 

exhibit better storage stability, and often their interaction with target molecules is reversible allowing 

for a facile regeneration of the sensor surface [29]. The HD1 short, HD1 and HD22 aptamers were 

incorporated in poly(HPMA-co-CBMAA) brushes on a surface of SPR sensor with Kretschmann 

configuration of attenuated total reflection method, where the optical probing is performed from the 

opposite side to the analyzed sample.  There is demonstrated the importance of biointerface 

engineering and cross-reactivity of the used aptamers with abundant proteins present in the blood 
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(HSA, IgG, and prothrombin) in order to enable rapid analysis of minimally processed blood samples. 

Such biointerface was tailored for label-free and rapid detection of thrombin at clinically relevant 

concentrations in human blood samples diluted to 10%. According to our knowledge, this is the first 

label-free affinity biosensor that can be operated in such manner. 

 

2. Materials and methods 

2.1. Materials and reagents 

Thrombin aptamers were custom synthesized by Integrated DNA Technologies (Belgium). There were 

used two variants of each aptamer, either with amine or with biotin terminal group (HD1 short: amino 

modifier C6 5’-TTT TTG GTT GG-3’, MW = 3.6 kDa; biotin 5’-TTT TTT TTT TGG TTG G-3’, 

MW = 5.3 kDa; HD1: amino modifier C6 5’-TTT TTG GTT GGT GTG GTT GG-3’, MW = 6.5 kDa; 

biotin 5’-TTT TTT TTT TGG TTG GTG TGG TTG G-3’, MW = 8.2 kDa; scrambled biotin 5’-TTT 

TTT TTT TGG TGG TGG TTG TGG T-3’ MW = 8.2 kDa; HD22: amino modifier C6 5’-TTT TTA 

GTC CGT GGT AGG GCA GGT TGG GGT GAC T-3’, MW = 10.9 kDa; biotin 5’-TTT TTT TTT 

TAG TCC GTG GTA GGG CAG GTT GGG GTG ACT-3’, MW = 12.5 kDa). Thrombin purified from 

human plasma (MW = 37 kDa) was obtained from Enzo Life Sciences (Switzerland). Human 

prothrombin native protein (MW = 72 kDa) and human immunoglobulin G (hIgG, MW = 150 kDa) 

were purchased from Thermo Scientific (Germany). The single donor whole human blood was 

obtained from Innovative Research (USA). Biotinylated alkane OEG-thiol (thiol-OEG-biotin, SPT-

0012D) and (11-mercaptoundecyl) triethyleneglycol (thiol-OEG-OH, SPT-0011) were purchased from 

SensoPath Technologies Inc. (USA). 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), N-

hydroxysuccinimide (NHS) and neutravidin protein were purchased from Thermo Scientific (Austria). 

Acetic acid, sodium acetate, sodium chloride, HEPES, Tween 20, argatroban monohydrate 

(MW = 526.65 g/mol), Human Serum Albumin (HSA, MW = 6.6 kDa) and Hellmanex III were 

purchased from Sigma-Aldrich (Austria). Phosphate buffer saline tablets (PBS: 140 mM NaCl, 10 mM 

phosphate, 3 mM KCl, pH 7.4) came from Calbiochem (Germany). All buffer solutions were prepared 

by using ultrapure water (arium pro, Sartorius Stedim, Germany). PBS Tween (PBST) was prepared 

by adding Tween 20 (0.05%) to PBS solution. 10 mM sodium acetate buffer (SA, pH 5) was prepared 

from acetic acid and sodium acetate. The HEPES buffer was used with the pH adjusted by NaOH 

(pH 7.5). Extra dry dimethyl sulfoxide (DMSO, 99.7+%) was acquired from Acros Organic 

(Germany). Tris[2-(dimethylamino)ethyl]amine (Me6TREN, 99+%) were obtained from Alfa Aesar 

(Germany). Copper (II) bromide (CuBr2, 99.999% trace metal basis) was purchased from Sigma 

Aldrich (Germany). Initiator, ω-mercaptoundecyl bromoisobutyrate [30], and monomer, N-(2-

hydroxypropyl) methacrylamide (HPMA) [31], were synthesized according to the procedures 

published before. Monomer, (3-methacryloylaminopropyl)-(2-carboxyethyl)-dimethylammonium 

(carboxybetaine methacrylamide, CBMAA), was synthesized using a modified version of the 
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procedure reported earlier [16], Ethanol (EtOH) came from VWR Chemicals (Germany). Milli-Q 

water was obtained using an Elga US filter Purelab Plus UF purification system (PL5113 02) (UK). 

 

2.2. Preparation of SPR sensor chips 

BK7 glass substrates (Carl Roth, Austria) and LASFN9 glass substrates (Hellma GmbH, Germany) 

were cleaned by subsequent sonication in a 1% aqueous solution of Hellmanex III, in ultrapure water 

and in ethanol. Then, chromium (2 nm thickness) and gold (50 nm thickness) layers were deposited on 

their top by vacuum thermal evaporation (HHV AUTO 306 from HHV LTD, UK) in vacuum better 

than 10−6 mBar. In addition, commercial SPR sensor chips already coated with thin gold film (XanTec 

bioanalytics GmbH, Germany) were used. For the experiments with thiol SAM biointerface, the BK7 

glass and XanTec SPR sensor chips were overnight immersed in 1 mM ethanolic solution of thiol-

OEG-biotin and thiol-OEG-OH (molar ratio 1:4) in order to form mixed SAM. The LASFN9 glass 

substrates coated with gold were used for the experiments with polymer brushes. The polymer brushes 

of poly(HPMA-co-CBMAA) were synthesized by photoinduced single-electron transfer living radical 

polymerization (SET-LRP). For the formation of SAM of initiator, gold-coated LASFN9 glass 

substrates were immersed overnight in 2.4 mM ethanolic solution of ω-mercaptoundecyl 

bromoisobutyrate. For the polymerization, 5.99 g (41.89 mmol) of HPMA and 1.79 g (7.39 mmol) of 

CBMAA were dissolved in 28 mL of dry DMSO. Simultaneously, a stock solution of the catalyst was 

prepared by dissolving 8.7 mg (39 µmol) of CuBr2 and 62.5 µL (233.8 µmol) of Me6TREN in 10 mL 

of dry DMSO. Both flasks were kept in the dark by wrapping them with aluminum foil. After the 

complete dissolution of all components, 1.2 mL of stock catalyst solution was mixed with dissolved 

monomers and degassed by bubbling N2 for 1 h. Subsequently, polymerization solution was 

transferred to previously degassed (purging with N2 for 30 min) vials containing gold-coated LASFN9 

glass substrates with SAM of the initiator. The polymerization was conducted for 17 min by irradiating 

the vials inside a UV-reactor, consisting of a nail-curing device (four 9 W lamps, λmax = 365 nm) kept 

at room temperature by fanning with a ventilator. After polymerization, the reaction was stopped by 

exposing a reaction mixture to air and adding DMSO. The samples were removed from the reactor and 

washed twice with EtOH and Milli-Q water and dried by blowing with N2. 

 

2.3.  SPR biosensor instruments  

Two SPR sensor instruments that rely on the Kretschmann configuration of the attenuated total 

reflection method with angular interrogation were used in the presented work. The affinity interaction 

analysis was performed by using a Reichert SR7000DC system with an integrated SR7120 

autosampler instrument. XanTec sensor chips were used in this instrument and surface plasmons were 

resonantly excited at a wavelength of 780 nm. As this instrument was not suitable for the studies on 
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sensor chips with the polymer brushes (the increased refractive index of the brushes shifted the SPR 

angle θ out of the measurable range), additional in-house developed SPR spectrometer that utilizes 

same type angular spectroscopy of surface plasmons was employed. The SPR sensor chip carrying 

either the mixed thiol-OEG/biotin  SAM or poly(HPMA-co-CBMAA) brushes was optically matched 

to the LASFN9 glass prism by using a refractive index matching oil (Cargille Inc., USA) and mounted 

on a rotation stage to control the angle of incidence θ. The beam from HeNe laser at a wavelength of 

633 nm that was coupled to the 90° LASFN9 glass prism in order to resonantly excite surface 

plasmons (Figure 1a). The intensity of the reflected beam was measured as a function of angle of 

incidence R(θ) or time R(t) at an angle θ that was fixed close to the SPR dip [on the resonance edge 

with the highest slope in R(θ)]. The instrument was controlled by dedicated software (Wasplas, Max 

Planck Institute for Polymer Research, Mainz, Germany). A flow-cell with a 5 µL reaction chamber 

made from a thin PDMS gasket (thickness of 100 μm from Specialty Silicone Products, Inc., USA, cut 

by Institute of Photonics and Electronics, Czech Academy of Sciences) was clamped against the SPR 

chip surface. Analyzed liquid samples were flowed by using a Tygon tubing and a peristaltic pump 

(Ismatec, Germany) with a flow rate of 50 mL min-1. In order to compare the SPR sensor signal from 

the two SPR instruments, the response R was converted to refractive index units (RIU) by a calibration 

step with the bulk refractive index changes upon the flow of aqueous solutions spiked with 1, 2 and 

4 wt% of sucrose (inducing bulk refractive index increase of Δns = 1.4 × 10-3; 2.8 × 10-3; 5.6 × 10-3 

RIU, respectively). 

 

2.4. Immobilization of the thrombin aptamer  

The immobilization of thrombin aptamers was performed in situ on the SPR sensor chips that were 

previously modified with either mixed thiol-OEG/biotin SAM or poly(HPMA-co-CBMAA) brushes. 

The SPR sensor chip carrying the mixed thiol SAM was firstly rinsed with PBS (pH 7.4) for 5 min in 

order to establish a baseline in the SPR signal R(t). Then 50 µg·mL-1 neutravidin dissolved in PBS was 

flowed over the surface for 90 min in order to conjugate to the biotin moieties tethered at the sensor 

surface. The excess of neutravidin was rinsed off by using PBS for 5 min and finally, 1 µM solution of 

biotinylated aptamer (HD1 short, HD1 or HD22) in PBS was reacted with the sensor surface for 

15 min and then washed with PBS for 5 min. The immobilization of aptamers on the poly(HPMA-co-

CBMAA) brushes was carried out by amine coupling. The baseline in the SPR signal R(t) was 

established upon the 5 min flow of PBS (pH 7.4) that was then replaced with SA buffer for 5 min 

(pH 5.0). Subsequently, the carboxylic moieties of the betaine monomer in the poly(HPMA-co-

CBMAA) brushes were activated by a freshly prepared aqueous solution of EDC (0.4 M) and NHS 

(0.1 M) for 10 min. The activated polymer film was shortly rinsed with SA (pH 5.0) and HEPES 

buffer (pH 7.5) and then 1 µM solution of aptamer (HD1 short, HD1 or HD22) with the amine 

terminal group was flowed over the surface for 30 min in order to form covalent bonds with the chains 
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of polymer brushes. Subsequently, the unbound aptamers were rinsed off with HEPES (pH 7.5) and 

the functionalized sensor surface was incubated in PBS for 90 min in order to let the unreacted active 

ester groups hydrolyze. 

 

2.5. Assay for interaction analysis and detection in buffer and blood samples 

The SPR sensor chips functionalized with aptamer bioreceptors were used for the affinity capture of 

thrombin from either PBS or whole human blood diluted to 10% with PBS. The same protocol was 

adopted for the interaction study of aptamers with other proteins that may interfere with the thrombin 

binding including HSA, IgG, and prothrombin. Since the addition of exogenous thrombin to the whole 

blood containing fibrinogen would trigger its coagulation, we supplemented the analyzed samples with 

the anticoagulant argatroban (38 μM concentration). Firstly, the baseline in the SPR sensor signal R(t) 

was established upon the flow of PBS(T) for 5 min. Then, the analyzed sample spiked with 

investigated biomolecules was flowed over the surface and the reaction time was set to 30-60 min (in 

affinity interaction study) or to 15 min (in rapid detection experiment). The sensor surface was 

afterward rinsed with PBS(T) for 30 min (in affinity interaction study) or 5 min (in rapid detection 

experiment) and subsequently regenerated with an aqueous solution of 2 M NaCl for 2 min followed 

by the rinsing with PBS(T). The control experiment was performed analogously on the non-

functionalized surface or on the surface with anchored aptamers exhibiting scrambled sequence. 

 

2.6. Calculation of surface mass density  

A model was established in order to determine surface mass density Γ of covalently immobilized 

aptamers and affinity captured thrombin from measured changes in SPR signal R(t) acquired in RIU 

for sensor chips with mixed thiol-OEG/biotin SAM and polymer brushes architectures. The surface 

mass density was calculated by using the formula Γ = (np – ns) · dp / (∂n / ∂c),[32] where np and ns are 

the refractive indices of oligonucleotide/protein layer and an aqueous sample, respectively, and dp 

corresponds to the thickness of the oligonucleotide/protein layer. The factor ∂n / ∂c = 0.2 mm3 mg-1 

relates the changes in refractive index and concentration of biomolecules bound to the surface [33]. As 

the probing surface plasmon field (that evanescently decay from the gold surface) responds differently 

to molecular binding occurring at a short distance of 3 nm (for thiol SAM) and long distance of 42 nm 

(for polymer brushes), the used respective converting factors Γ/ δR are different. Further, we used the 

factors of Γ/δR= 510 ng mm-2 RIU-1 for SAM and Γ/δR = 450 ng mm-2 RIU-1 for polymer brushes 

interface. These factors where obtained for the probing SPR wavelength of 633 nm from Fresnel 

reflectivity-based simulations implemented in Winspall software (Max Planck Institute for Polymer 

Research, Germany) as described in the supporting information (SI). 
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2.7. Evaluation of SPR binding kinetics 

The association binding rate kon and dissociation binding rate koff describing the interaction between 

thrombin in a liquid sample and aptamers immobilized on mixed thiol-OEG/biotin SAM were 

obtained by the analysis of measured SPR sensorgrams. Thrombin was dissolved in PBS at a 

concentration of c = 5, 10, 15, 20, 35, 50, 100 and 500 nM and these samples were sequentially flowed 

over the sensor surface that was functionalized with HD1 short (60 min reaction time), HD1 (30 min 

reaction time), and HD22 (30 min reaction time) in order to affinity bind and followed by 30 min 

rinsing with the PBS to dissociate from the surface. In between the analysis of samples with different 

thrombin concentrations, the sensor chip was regenerated with 2 M NaCl. The sensorgrams R(t) 

acquired by using the XanTec SPR chip and Reichert SPR instrument were fitted with a 1:1 binding 

model that was implemented in Prism 8 (GraphPad Software) and by a model taking into account 

diffusion-limited kinetics in Scrubber 2 (BioLogic Software). For details of the fitting model, the 

reader is referred to the SI. 

 

Figure 1. a) The schematic of the SPR sensor chip that is modified with b) thiol-OEG SAM or 

poly(HPMA-co-CBMAA) architecture in order to couple thrombin aptamer at its surface. c) Angular 

reflectivity SPR spectra acquired at the wavelength of 633 nm on SPR sensor chip carrying (1) thiol-

OEG SAM, (2) thiol-OEG SAM with neutravidin, (3) thiol-OEG SAM with neutravidin and 

immobilized aptamer HD22 compared to that measured on (4) pristine polymer brushes and (5) 

polymer brushes functionalized with aptamer HD22. 
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3. Results and discussion 

3.1.  Immobilization of thrombin aptamers 

In order to enable direct detection of thrombin in minimally processed whole blood, there was pursued 

a biointerface architecture based on poly(HPMA-co-CBMAA) brushes that specifically bind target 

thrombin analyte from the analyzed sample at the sensor surface by the use of aptamer bioreceptors, 

see Figure 1a. In order to benchmark the performance of this biointerface, additional regular mixed 

thiol SAM modification with OEG-OH and OEG-biotin headgroups [32] was used. As Figure 1b 

illustrates, we investigated these sensing surfaces in conjunction with three thrombin aptamer 

bioreceptors – HD1 short, HD1 and HD22 – that were anchored at the sensor surface by using amine 

coupling on poly(HPMA-co-CBMAA) brushes via a biotin tag for mixed thiol-OEG/biotin SAM 

interface.  

The immobilization procedure was monitored by SPR and both reflectivity curves R(θ) before and 

after the bioreceptor immobilization and the SPR signal kinetics R(t) upon the surface reaction were 

acquired. The example presented in Figure 1c shows that resonant excitation of surface plasmons on 

mixed thiol-OEG/biotin SAM surface with incorporated biotin moieties manifests itself as a dip in 

R(θ) centered at an angle of incidence of θ = 57.00° (1). The SPR angle changes to θ = 57.28° (2) after 

the conjugation of neutravidin with the biotin headgroups on thiol SAM and it further shifts to θ = 

57.33° when the immobilization of the biotinylated aptamer HD22 is carried out (3). For the SPR chip 

carrying the pristine poly(HPMA-co-CBMAA) brushes, the SPR occurs at a higher angle of θ = 

61.60° (4) because of the increased thickness of the polymer brush layer (dbrush~42.0 nm measured by 

ellipsometry, SI, Figure S1) in comparison to the SAM architecture (~ 3.0 nm, SensoPath 

manufacturer catalog). The covalent coupling of the amine-terminated aptamer HD22 to carboxylic 

groups present at the chains of polymer brushes leads to the additional shift of SPR angle to θ = 62.00° 

(5).  

SPR sensor kinetics R(t) were recorded upon the immobilization of aptamer bioreceptors on the 

poly(HPMA-co-CBMAA) brushes and mixed thiol-OEG/biotin SAM. The sensor response ΔR in RIU 

was acquired for all three aptamers from the respective kinetics of SPR sensor signal R(t) and it was 

subsequently converted to changes in surface mass density Γ and surface density (by dividing these 

values with a respective molecular weight of biomolecules - MW) as can be seen in the overview 

presented in Table 1. The SPR sensor response of ΔR = 137, ΔR = 317, ΔR = 549 µRIU was measured 

for the coupling of HD1 short, HD1 and HD22 aptamers, respectively, on the mixed thiol-OEG/biotin 

SAM architecture. These data were obtained from the kinetics presented in Figure S3a and they stand 

in a good agreement with the previously reported values [34,35]. The SPR sensor response was 8 - 11 

times higher on the poly(HPMA-co-CBMAA) brushes yielding ΔR = 1536, ΔR = 2409 and 
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ΔR = 4361 µRIU for HD1 short, HD1, and HD22 aptamers, respectively, as determined from data in 

Figure S3b. These results translate to a surface density of Γ/MW=0.013 pmol mm-2, 0.020 pmol mm-2 

and 0.022 pmol mm-2 for HD1 short, HD1 and HD22 respectively, on the mixed thiol-OEG/biotin 

SAM surface. Interestingly, the density ratio of the aptamer to the tetrafunctional neutravidin (which 

served as a linker between the biotin groups in the SAM and aptamer biotin terminal group) was in all 

cases close to one. This confirms that the density of these bioreceptors was controlled by the density of 

immobilized neutravidin linker (Γ = 0.019 pmol mm-2 determined from measured SPR sensor response 

of ΔR = 2289 µRIU). 

The immobilization of aptamers on poly(HPMA-co-CBMAA) brush biointerface allowed reaching a 

substantially higher surface density of Γ/MW=0.194 pmol mm-2, 0.168 pmol mm-2 and 

0.182 pmol mm-2 for HD1 short, HD1 and HD22 respectively. This is the result of the organization of 

chains in the brushes at the interface which is less rigid than in SAMs allowing accessing not only to 

the last monomer units but to others in the last thermal blob. Furthermore, while in SAMs the 

immobilization of the aptamer required a very bulky neutravidin, in brushes the immobilization was 

direct which enhances further the binding sites available. Importantly, the chemical design of the 

selected brushes can provide efficient means to compensate for the negative charge introduced by the 

aptamer immobilization (which often leads to undesired unspecific interactions). The balance between 

the carboxylate groups and the quaternary ammonium from the betaine monomer guarantees the initial 

neutral zeta potential of the polymer brush structure. Upon the activation, with the carbodiimide 

crosslinking agent the carboxylate groups are turned to the active esters that lead to establishing of 

weakly positive zeta potential. This results in the electrostatic attraction of the negatively charged 

aptamer molecules that is reflected in the rapid kinetics within the first 3 min of the reaction (see 

Figure S3b). The gradual incorporation of the aptamers introduces to the polymer brushes negative 

charge that slows down the reaction by Coulombic interaction. Moreover, the slower part of the 

reaction kinetics occurring after 3 min can be attributed to the immobilization of the aptamers deeper 

in the poly(HPMA-co-CBMAA) brush structure, which is affected by the hindered molecular diffusion 

in the crowded polymer brushes structure. 

 

Table 1. Comparison of the surface mass density (middle columns) and respective surface density 

Γ/MW (right columns) of immobilized aptamers on thiol-OEG SAM and polymer brushes (upper part) 

and surface density of thrombin that is affinity captured in saturation at these biointerfaces (bottom 

part). 

 
Thiol-PEG 
SAM 

Polymer 
brushes 

Thiol-
PEG SAM 

Polymer 
brushes 

Thiol-PEG  
SAM 

Polymer 
brushes 
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Aptamer µRIU pg/mm2 pmol/mm2 

HD 1 short 137 ± 19 1536 ± 240 70 ± 10 691 ± 108 0.013 ± 0.002 0.194 ± 0.030 

HD1 317 ± 23 2409 ± 603 162 ± 12 1083 ± 271 0.020 ± 0.001 0.168 ± 0.042 

HD22 549 ± 19 4361 ± 750 280 ± 10 1960 ± 337 0.022 ± 0.001 0.182 ± 0.031 

Thrombin µRIU pg/mm2 pmol/mm2 

HD 1 short 208 ± 3 - 106 ± 2 - 0.003 ± 0.001 - 

HD1 510 ± 74 1393 ± 44 260 ± 38 626 ± 20 0.007 ± 0.001 0.017 ± 0.001 

HD22 374 ± 25 662 ± 329 191 ±13 298 ± 148 0.005 ± 0.001 0.008 ± 0.004 

 
 

 

3.2. Thrombin-aptamer affinity interaction analysis 

The characteristics of affinity interaction between thrombin and the aptamers HD1 short, HD1, and 

H22 were determined by the use of SPR for mixed thiol-OEG/biotin SAM. For this purpose, PBS was 

spiked with a concentration of thrombin of c=5, 10, 15, 20, 35, 50, 100 and 500 nM and flowed 

sequentially over the sensor surface with a regeneration step applied between each cycle. The 

measured SPR signal R(t) for the association and dissociation phases was fitted with a kinetic model as 

can be seen in Figure 2. This model assumed the 1:1 interaction between the analyte and the ligand 

and simultaneous fitting of measured curves for all concentrations was performed using non-linear 

regression. For the truncated version of HD1 aptamer (HD1 short), the obtained association rate of 

kon = 1.7 · 106 M-1s-1 and dissociation rate koff = 21· 10-3 s-1 (according to our knowledge measured for 

the first time) yields an equilibrium dissociation constant of Kd = 12 nM. The interaction of longer 

HD1 and HD22 aptamers exhibited higher affinity and therefore an additional mass transfer coefficient 

km had to be introduced to the fitting. However, the association and dissociation binding rates for HD1 

and HD22 aptamers were not possible to accurately determine from the acquired data, and only 

equilibrium dissociation constant of Kd <5 nM could be estimated (see the summary in Figure 2a). In 

comparison with literature, the herein reported values of equilibrium dissociation constant Kd are in the 

lower range of reported values. It is worth noting these values vary over a wide range from 1.19 nM 

[36] to 171 nM [37] for HD1 aptamer and from 2.4 nM [38] to 110 nM [37] for HD22. 
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Figure 2. Global analysis measurement affinity binding rates of thrombin with three aptamer ligands. 

a) The table summarizes the determined equilibrium dissociation affinity constants and the graphs 

show the SPR sensorgrams for the interaction of analyte concentration c=5; 10; 15; 20; 35; 50; 100 

and 500 nM on the sensor surface with thiol-OEG SAM functionalized with b) HD1 short, c) HD22 

and d) HD1 aptamers. The solid lines present experimental data and dashed lines show the fitted 

curves. The arrows indicate the end of the association phase and the beginning of the dissociation 

phase. 

 

3.3 Specificity of thrombin-aptamer affinity interaction  

In order to verify the specificity of the used aptamers HD1 and HD22, their interaction with abundant 

biomolecules that constitutes human blood was observed with in-house developed SPR biosensor 

instrument. These include human serum albumin (HSA), human immunoglobulin G (hIgG), and 

prothrombin. In the blood of healthy donors, HSA is present at about 500 μM concentration, hIgG at 

80 μM and prothrombin at 1.4 μM [39]. It is worth noting that prothrombin is structurally related to 

thrombin and HD1 aptamer recognizes the thrombin exosite I and II, while HD22 aptamer affinity 

binds solely to exosite II [36]. SPR affinity interaction study showed that HD1 also binds to 

prothrombin with the equilibrium dissociation constant of Kd=37 nM, while HD22 did not interact 
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with this prothrombin (aptamers were attached via biotin tag to dextran polymer chains anchored to 

the gold surface) [36]. 

 

 

Figure.3 Specificity binding measurements of prothrombin, HSA and hIgG. The graphs show the SPR 

sensorgrams for the interaction with prothrombin at a concentration of c=10, 20, 50, 100, 500 and 

1000 nM on the sensor surface with thiol-OEG SAM functionalized with a) HD1 and b) HD22 

aptamers. c) The respective calibration curves are established. d) The interaction of HSA at 25.5 μM 

and hIgG at c=6.7 μM.  

 

Further, we investigated potential interference to the thrombin direct assay due to the interaction of 

HD1 and HD22 aptamers with HSA, hIgG, and prothrombin by using a thiol-OEG-OH/biotin SAM. 

The SPR kinetics data presented in Fig. 3a and Fig. 3b reveal pronounced binding of prothrombin to 

HD1 aptamer at concentrations below 100 nM, while the interaction for HD22 aptamer was not 

measurable for concentrations up to 1 μM. The SPR signal change ΔR measured after 5 min rinsing of 

the surface that was exposed to prothrombin samples are plotted in Fig.3c. For the aptamer HD1, the 

plot is fitted with the Langmuir isotherm curve (as the association phase reached equilibrium) and the 

affinity dissociation constant of Kd = 39 ± 9 nM was determined. The dependence of ΔR on the surface 
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of HD22 aptamer could be fitted with linear function and indicates that the respective Kd is above the 

used concentration rate. Moreover, a similar trend was observed for scrambled HD1 aptamer sequence, 

which suggests that the small response may originate from unspecific sorption to the used thiol-OEG-

OH/biotin SAM. In Fig.3d, there can be found the interaction of HD1 and HD22 with HSA and hIgG 

compared to that with thrombin. These findings show a negligible response for HSA at a concentration 

of 25.5 μM and hIgG at 6.7 μM. For the HSA, the same experiment was performed on the surface with 

a scrambled sequence of HD1 aptamer and a similar response suggests that the measured negligible 

change in SPR signal is attributed to unspecific sorption to the used thiol SAM-based biointerface. 

 

3.4. Rapid detection of thrombin in buffer and blood samples 

Sensor chips with poly(HPMA-co-CBMAA) brushes and mixed thiol-OEG/biotin SAM surface 

architectures were postmodified with the aptamers and their ability to specifically capture thrombin 

from 10% diluted whole blood and resist fouling was evaluated with direct SPR detection format. As 

can be seen in the acquired SPR kinetics data presented in Figure 4, the injection of 10% blood sample 

(with the endogenous thrombin present below pM concentration for healthy donors [40] into the 

sensor is accompanied by a rapid increase in the SPR signal R(t) on both types of surfaces, which can 

be attributed to a change in bulk refractive index ns. On the surface with the polymer brushes, this SPR 

signal change is less pronounced as the surface plasmon evanescent field exponentially decays with 

the distance from the gold surface. Compared to a thinner layer of mixed thiol SAM of 3 nm 

(according to the provider of thiol-OEG-biotin), the hydrated brushes occupy up to 42 nm (as 

measured with ellipsometry, see Figure S1) to which the penetration of blood constituents is hindered. 

After 2.5 min, a slower gradual increase in the SPR signal R(t) occurs due to the sorption of blood 

compounds to the surface. The 10% blood was flowed over the surface for 15 min and then the sensor 

surface was rinsed with PBS and the SPR signal R(t) rapidly drops as the bulk refractive index ns 

decreases. After an additional 5 min rinsing the SPR signal levels at a value that is higher than the 

original baseline by ΔR0 = 1.60 and 2.1 mRIU on the brushes and 1.85 and 2.7 mRIU on the thiol-

OEG SAM carrying HD22 and HD1 aptamers, respectively. This change is attributed to the 

unspecifically adsorbed molecules and cross-reaction of aptamers with abundant constituents in blood. 

The more pronounced response to this blank sample for the HD1-modified biointerface compared to 

that carrying HD22 aptamer can be attributed to HD1 affinity to prothrombin that is present in blood.  

Importantly, these molecules can be fully removed from the surface of the poly(HPMA-co-CBMAA) 

brushes by the regeneration step while on the mixed thiol-OEG/biotin SAM only 80% of the adsorbed 

mass density Γ was released. This observation can be explained by electrostatic interaction of blood 

components with negatively charged aptamers and affinity binding of prothrombin being the main 

origin of the binding on the surface of polymer brushes. Both these interactions can be disrupted by 

using a high concentration of Na+ ions that shield the negative charge of the aptamers [41]. In the case 
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of functionalized mixed thiol-OEG/biotin SAM, there is a coexisting effect of irreversible protein 

adsorption (fouling) that cannot be prevented in the performed experiments.  

In the subsequent second detection cycle, a 10% diluted blood sample was spiked with thrombin at a 

concentration of 20 nM and allowed to interact with the investigated biointerface architectures by 

using the same protocol. Measured SPR signal kinetics presented in Figure 4 shows that the slope of 

the gradual increase of the SPR signal R(t) is substantially steeper on the poly(HPMA-co-CBMAA) 

brushes and it levels at a higher value of ΔR = 2.3 and 3.8 mRIU after the rinsing of the surface with 

immobilized aptamer HD22 and HD1, respectively. Importantly, on the thiol-OEG SAM, the SPR 

signal change does not substantially differ from that measured for a blank sample proving that this 

interface becomes blocked by the blood constituents and that it cannot be used for direct SPR analysis 

of such complex biofluid. Interestingly, HD1 short aptamer lost the ability to affinity capture the 

thrombin analyte after its incorporation to the poly(HPMA-co-CBMAA) brushes (data not shown) and 

thus it was not used in further experiments. 

 

 

Figure 4. SPR sensor signal showing the interaction kinetics of blood compounds and thrombin in 10 

% diluted whole blood on the sensor chip carrying thiol-OEG-SAM (black) or polymer brushes (red) 

functionalized with a) HD22 and b) HD1 thrombin aptamer. 

 

Based on these observations, the functionalized poly(HPMA-co-CBMAA) brushes and HD1 and 

HD22 aptamers were employed for establishing a biosensor for the rapid direct detection of thrombin 

in 10% human blood samples. This biosensor was calibrated by using the developed protocol and 10% 

human blood samples containing c = 0, 5, 10, 15, 20 nM thrombin were sequentially injected with a 

regeneration step between detection cycles, see Figure 5a. The sensor response ΔR was determined as 

a difference in the SPR signal R(t) before and after the flow of the analyzed liquid sample that was 

allowed to interact with the immobilized aptamer at the sensor surface for 15 min. The change in the 
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SPR signal ΔR was acquired after 5 min of rinsing with PBS. ΔR was plotted versus thrombin 

concentration c and fitted with a function ΔR = ΔR0 + ΔRmax· c / Kd / (1 + c / Kd), where ΔR0 states for 

the change after the flow of a blank sample, ΔRmax is the response in saturation, and the parameter Kd 

corresponds to the equilibrium dissociation affinity constant. The error bar was determined as a 

standard deviation of at least three independent measurements.  The SPR response ΔR of each sample 

was compensated with respect to the blank sample ΔR0 and plotted against the analyzed concentration 

c in order to establish the calibration curves. The obtained data are presented in Figure 5b for the 

immobilized aptamers HD1 and HD22 and calibration curves measured for 10% blood samples are 

compared to those obtained with model samples when PBS was spiked with the target thrombin 

analyte.  

 

 

Figure 5. a) SPR sensor signal showing the kinetics of the affinity binding of thrombin from 10% 

diluted whole blood at a concentration of c=0, 5, 10, 15 and 20 nM on the sensor chip carrying 

polymer brushes functionalized with thrombin aptamer HD22. b) The calibration curves for detection 

of thrombin in PBS and 10% diluted whole blood established for polymer brushes functionalized with 

HD1 and HD22 aptamers. 

 

Interestingly, the response of the SPR sensor to the presence of thrombin in 10% blood is higher than 

that for thrombin dissolved in PBS. The SPR response ΔR-ΔR0 is increased by about 10% for HD22-

functionalized polymer brushes and by 20% for the polymer brushes with the attached HD1 aptamer. 

The reason for this observation can be attributed to the potential activation of prothrombin by the 

captured thrombin (despite the used anticoagulant argatroban that prevents the coagulation in the bulk 

solution). This effect is less pronounced for HD22 aptamer as it does not exhibit affinity to 

prothrombin and it captures only thrombin by its exosite II with Kd < 5 nM. Contrary to HD22, the 

aptamer HD1 interacts with thrombin exosite I with Kd < 5 nM and also binds prothrombin with Kd = 
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39 nM. However, these interaction characteristics (measured with biotin-tagged aptamers in mixed 

thiol SAM surface) are probably substantially changed when aptamer bioreceptors are immobilized on 

poly(HPMA-co-CBMAA) brushes. The fitting of the obtained calibration curves with the Langmuir 

isotherm function yielded much higher effective values of Kd = 140.0 ± 6.5 and 23 ± 10 nM for HD1 

and HD22 aptamer, respectively, for both PBS and 10% blood. This discrepancy can be partially 

attributed to the fact the used reaction time of 15 min did not allow for reaching equilibrium in the 

surface reaction (particularly for low thrombin concentrations c), which may be in addition slowed 

down by diffusion of the target analyte through the brushes polymer chains carrying higher density of 

aptamer ligands than the thiol SAM-based architecture (see Table 1). Moreover, the affinity interaction 

of aptamers is expected to be very sensitive to its local environment as it is reflected in the large 

variety of Kd values reported in the literature [36–38]. The presence of densely packed polymer chains 

constituting the brushes likely impacts the secondary structure of the aptamers necessary for the 

affinity interaction or leads to the steric hindrances and impeded access of thrombin molecules to the 

aptamer binding sites.  

The limit of detection (LOD) was determined as a concentration where the fitted calibration curve 

intersects with the three times the standard deviation of the SPR sensor signal σ(R[t]). The used sensor 

instrument allowed for the measurement of bulk refractive index changes with the standard deviation 

of σ=2×10-5 RIU on the surface with poly(HPMA-co-CBMAA) brushes. It translates to LOD = 0.7 

and 0.9 nM for HD1 aptamer-based sensor operated for detection of thrombin in 10% blood and PBS, 

respectively. For the HD22 aptamer, the achieved LOD was higher and reached 1 and 1.2 nM for 10% 

blood and PBS. The limit of detection in complex 10% blood is better than in PBS for both 

biointerfaces and it can be potentially explained by the cross-reaction with prothrombin and its 

interaction with a high surface concentration of affinity captured thrombin. In addition, let us note the 

previous work showed that HD1 aptamer (immobilized via biotin tag to the streptavidin-modified 

open dextran-based binding matrix) cannot be used for detection of thrombin in diluted blood plasma 

due to its cross-reaction with other biomolecules [36]. Contrary to this work, the herein presented 

results indicate that when incorporated to poly(HPMA-co-CBMAA) polymer brushes both aptamers 

HD1 and HD22 can serve for specific direct detection of thrombin in minimally processed 10% blood. 

Giving the fact that the coagulation process occurs when the level of thrombin in the blood exceeds 

5 – 20 nM [42], the obtained LOD = 0.7 nM for the direct rapid assay with HD1 aptamer in ten times 

diluted whole blood is in the lower part of this concentration range that indicates the risk of 

thrombosis. It is worth noting that the reported experiments focused on the investigation of the new 

antifouling biointerface by using a versatile home-built SPR instrument with limited accuracy 

(refractive index resolution of σ=1.4×10-5 RIU when operated with thiol SAM). In order to improve 

the LOD, another commercially available SPR sensor instruments with refractive index resolution at 
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10-7 level [43] are available and potentially applicable with the reported sensor chip biointerface 

architecture. 

 

4. Conclusions 

Thrombin aptamer bioreceptors HD1 and HD22 were successfully immobilized on poly(HPMA-co-

CBMAA) brushes and utilized for the detection of thrombin in 10% whole human blood. The affinity 

interaction parameters of the aptamers on the novel polymer brush architecture were compared with a 

standard modification based on mixed thiol-OEG-OH/biotin SAM that was functionalized with the 

same aptamer sequences. The poly(HPMA-co-CBMAA) brushes allowed for the immobilizing of 

higher density of the aptamers at the surface and provided antifouling properties enabling repeating 

direct detection of thrombin in 10% whole blood by using regeneration in between the analysis cycles. 

Moreover, the limit of detection achieved for polymer brush architecture with HD1 aptamer is 

sufficient for the prediction of a thrombotic event and diagnosis of thrombosis. We believe that this 

work opens doors to the development of new diagnostic tools for rapid and direct detection of 

biomarkers in the minimally processed blood leading to guided therapeutic decision making and 

personalized treatment. 
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