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ABSTRACT 

 

Thrombin is an important biomarker of thrombosis, a condition that can lead to ischemic stroke, heart 

failure, or pulmonary embolism. The appropriate treatment can prevent this morbidity, but a generic 

method for detecting this pathological state is missing. Fast detection of thrombin in blood using a 

compact biosensor would help monitor the hemostatic condition, tailor the anticoagulation therapy, 

and avoid thrombotic events. However, the unspecific interaction of complex matrices of biological 

samples with a biosensor surface complicates the readout and limits the application of this technology 

in clinical settings. To provide a way for quick analysis of thrombin directly in blood and plasma, this 

study searched for the optimal biosensor design, including chip architecture, antifouling coatings, 

detection assay with biorecognition elements, and optical readout. Ultimately, a biosensor chip was 

developed with tailored polymer brushes that are functionalized with DNA aptamer receptors. The 

presented surface coating proved superior resistance to fouling in comparison to standard surface 

modifiers. Direct label-free analysis of thrombin in biological samples and in the medically relevant 

concentration range was achieved by using a surface plasmon resonance biosensor. The designed 

sensor chip was implemented to a portable optical system that can be used outside the specialized 

laboratory and constitutes the first step towards a hand-held point-of-care device. The reported 

biosensor platform holds great promise as a diagnostic tool for monitoring the coagulation status of 

patients at risk of thrombosis. In addition, the used detection principle can be easily implemented to 

measure other essential biomarkers present in the blood. 
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KURZFASSUNG 

 

Thrombin ist ein wichtiger Biomarker für Thrombose, eine Erkrankung, die zu ischämischem 

Schlaganfall, Herzinsuffizienz oder Lungenembolie führen kann. Die Sterblichkeit durch Thrombose kann 

durch entsprechende Behandlung verringert werden, jedoch fehlt derzeit eine generische Methode 

zum Nachweis. Eine schnelle Detektion im Blut mithilfe eines kompakten Biosensors könnte helfen, den 

hämostatischen Zustand zu überwachen, eine Antikoagulationstherapie anzupassen und dabei 

Thrombosen zu verhindern. Die unspezifische Interaktion komplexer biologischer Proben mit der 

Oberfläche eines Biosensors erschwert jedoch das Auslesen und schränkt die Anwendung dieser 

Technologie im klinischen Umfeld ein. Um eine schnelle Analyse von Thrombin direkt in Blut und Plasma 

zu ermöglichen, beschäftigt sich diese Dissertation mit dem optimalen Biosensordesign. Dabei wurden 

die Chiparchitektur, Antifouling-Beschichtungen, Assays mit verschiedenen Liganden und die 

Möglichkeiten für das optisches Auslesen berücksichtigt. Schließlich wurde ein Biosensor-Chip mit 

Polymerbürsten entwickelt, der mit DNA-Aptamer-Rezeptoren funktionalisiert ist. Die vorgestellte 

Oberflächenbeschichtung gegen Fouling erwies sich im Vergleich zu Standard-

Oberflächenmodifikatoren als überlegen. Die direkte markierungsfreie Analyse von Thrombin in 

biologischen Proben und im medizinisch relevanten Konzentrationsbereich wurde mittels 

Oberflächenplasmonenresonanz-Biosensor erreicht. Der entwickelte Sensorchip wurde in ein tragbares 

optisches System eingebaut, das auch außerhalb spezialisierter Labors eingesetzt werden kann und den 

ersten Schritt hin zu einem kompakten Point-of-Care-Gerät darstellt. Die beschriebene Biosensor-

Plattform ist ein vielversprechendes diagnostisches Instrument zur Überwachung des Gerinnungsstatus 

von thrombosegefährdeten Patienten. Darüber hinaus lässt sich das verwendete Detektionsprinzip für 

die Messung weiterer wichtiger Biomarker, die im Blut vorhanden sind, anpassen.  
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1. INTRODUCTORY OVERVIEW  

1.1. HEMOSTASIS  

Hemostasis (from Greek, "haeme" - blood and "stasis" - to stop) is a physiological process that 

maintains the uninterrupted flow of the blood inside the vascular system. In healthy individuals, this is 

achieved by a subtle interplay of procoagulant and anticoagulant mechanisms that, under normal 

circumstances, stay in equilibrium. However, in the case of vascular endothelium disruption, this 

delicate balance is rapidly shifted in favor of coagulation. The coagulation leads to stopping bleeding by 

forming the localized blood clot that seals the damaged vessel. In the final stage, the integrity of the 

endothelium is restored, and the clot is dissolved during the fibrinolysis (1). Any congenital or clinical 

disparity in the process might lead to a life-threatening hemorrhage (excessive bleeding) or thrombosis 

(formation of a persistent clot). Different manifestations of thrombotic events were estimated to affect 

approximately 2% of the population and account for 25% of deaths worldwide in 2010 (2) with 

significant medical costs (3). Notably, the frequency of the thrombotic events and the related economic 

burden can be efficiently lowered by the appropriate anticoagulation therapy. However, when the 

treatment is not accurately tailored to the overall health condition and co-administered medication, it 

results in an adverse effect of bleeding that remains a significant safety concern (4). The therapeutic 

outcomes of thrombosis-associated incidents can be dramatically improved by fully comprehending the 

complex mechanisms that govern the coagulation and inclusion of routine monitoring of patients' 

hemostatic state (5). In this section, the process of hemostasis with its possible complications leading 

to distinct morbidities, current methods of diagnosis, and patient monitoring are discussed. 

1.1.1  Primary hemostasis  

In physiological conditions, the reaction of our body to the tissue injury and accompanying bleeding 

constitutes a rapid trigger for highly controlled reactions that result within seconds to minutes in a stop 

of the blood loss (1). The immediate response at the site of vessel injury is a release of vasoconstricting 

peptides (endothelin), a subsequent vascular spasm that leads to a deceleration of the blood flow, and 

secretion of von Willebrand factor (vWF) by the activated endothelial cells (Figure 1a). 



2 
 
 

 

Figure 1. Stages of hemostasis. Modified from (6). 

Following the loss of endothelium integrity, the components of an extracellular matrix (ECM), including 

collagen, get exposed to the vessel's lumen, initiating the primary hemostasis (Figure 1b). Firstly, the 

vWF binds to the subendothelial collagen and recruits circulating platelets to the site of injury. Next, 

platelets line the open endothelium by the interaction of their surface glycoproteins with collagen-

bound vWF and collagen alone. At the same time, the glycoproteins contained in the intracellular 

compartment undergo the inside-out process, with the most important being integrin αIIbβ3 as its 

phosphorylation induces the conformational change that results in increased affinity to vWF and 

fibrinogen (7). The adhesion and platelet-mediated signaling induce platelet activation and change their 

morphology from discoid to irregular with multiple pseudopods. This shape alteration is essential to 

maximize the contact surface area with other activated platelets and endothelium and physically 

prevent the further escape of blood (8). Subsequently, platelets release thromboxane (TXA2) that 

stimulates new platelets and recruits them to the injury site. Besides, platelets extricate the content of 

alpha and dense granules, releasing several molecules that contribute to the progress of hemostasis, 

e.g., vWF, fibrinogen, calcium, and ADP (Table 1). The released factors recruit additional platelets to the 

damaged site, whereas the integrin αIIbβ3 plays a crucial role in platelet aggregation and mass growth of 

the initial hemostatic plug. In summary, the primary hemostasis culminates in the formation of an initial 

platelet plug throughout platelet adhesion, activation, and aggregation. In the meantime, the secondary 
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hemostasis is initiated by the transfer of the phospholipids to the outer membrane of platelets and their 

interaction with calcium and clotting factors (7) (Figure 1c). 

Table 1. Selected proteins and factors released by platelets during the degranulation process in the primary 
hemostasis (based on (7)). 

Protein/factor Type of granule Function 

histamine dense granules vasocontraction, enhancing TF expression 

serotonin dense granules recruiting new platelets to the site of injury 

ATP, ADP, inorganic 
diphosphate, inorganic 

phosphate 
dense granules support platelet adhesion and aggregation 

VWF, fibrinogen, vitronectin alpha granule 
platelet adhesion, clot expansion, and 

stabilization 

ionized  calcium dense granules 
activation and assembly of coagulation factors 

upon binding to the phospholipids on the 
platelets' outer membrane 

vascular endothelial growth 
factor, epidermal growth 

factor, platelet-derived growth 
factor 

alpha granule 
angiogenic factors that 

induce and stabilize the growth of new blood 
vessels 

angiostatin, thrombospondin, 
endostatin 

alpha granule 
anti-angiogenic factors 

that induce vessel stability and maturation 
platelet factor 4 (PF4), CCL5 

(RANTES), interleukin-8 (IL-8) 
alpha granule immune modulators 

 

1.1.2  Secondary hemostasis  

The year 1964 brought a breakthrough in the coagulation research when two independent groups 

described the coagulation as a cascade of reactions of serine proteases where each enzyme precursor, 

once activated, serves as an activator of a downstream clotting factor (9,10). Two independent 

pathways were determined: intrinsic (surface-contact factors, all components present in the blood) and 

extrinsic (TF - Factor VII, which requires the subendothelial TF). Both merge on activation of Factor X in 

the common pathway to generate fibrin clot as an endpoint. The presented finding proved to be a 

significant advancement in better understanding of the in vitro coagulation tests: activated partial 

thromboplastin time (aPTT) for investigation of intrinsic pathway and prothrombin time (PT) for 

measuring the extrinsic pathway (11). The cascade model, however, does not fully reflect the 

hemostasis in vivo because neither pathway cannot compensate the other, as the model implies (12). 

To match the clinical observations, the coagulation cascade was revised and updated by a contribution 

of the cell surface in the so-called cell-based model of hemostasis in which three phases are 

distinguished: initiation, amplification, and propagation (Figure 2) (13). 
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Figure 2. Cell-based coagulation model representing stages of secondary hemostasis: initiation, amplification, and 
propagation (based on (13)). 

The initiation stage starts with trauma to tissue when the endothelium wall is damaged, and blood 

gets in contact with TF-bearing cells (e.g., sub-endothelial smooth muscle cells or fibroblasts) that do 

not interact with the everyday circumstances bloodstream. The coagulation is initiated by activating 

Factor VII by a cell-bound TF in the presence of calcium ions and subsequent complex formation that 

activates Factors IX and X. The activated Factor X (FXa) stimulates FV activation and the prothrombinase 

complex that produces only a limited number of thrombin molecules. This priming amount of thrombin 

is necessary to catalyze the reactions of the next stage of amplification. This phase takes place on 

platelet surfaces that have been anchored at the injury site by the interaction of their exterior 

glycoproteins with the ECM's collagen and vWF. The adherence process partially activates the platelets 

and allows them to stay close to the source of produced thrombin. Here, thrombin participates in the 

enhanced platelet adhesion and their final activation and the activation of circulating FXI, surface-bound 

FVIII, and FV that is released in the process of platelet degranulation onto their surface. High-affinity 

receptors of FIXa, FXa, and FXIa are expressed on activated platelets and presumably play a role in the 

appropriate assembly of the coagulation factors leading to large-scale production of thrombin in the 

propagation stage. At this stage, the FIXa diffuses from the vicinity of the TF-bearing cell and forms a 
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tenase complex with the surface-attached FVIIIa that stimulates circulating FX. Finally, FXa combines 

with FVa (prothrombinase complex), which leads to the burst of thrombin (FIIa) and subsequent 

formation and stabilization of the hemostatic fibrin clot (13). The cell-based model of coagulation proofs 

that extrinsic and intrinsic pathways are not redundant but rather complementary to each other by 

serving a diverse purpose and operating on distinct cellular surfaces. 

1.1.3  Anticoagulant mechanisms  

An essential feature of hemostasis is the confinement of the clot to the site of vessel injury 

maintained by the cellular receptors and high-affinity binding sites of the clotting factors. Besides, 

several anticoagulant mechanisms are employed to prevent the spreading of coagulation to systemic 

circulation and thrombosis. The aggregation of the platelets on the healthy endothelium is obstructed 

by the ADPase activity that removes the ADP molecules released from the activated platelets (13). Tissue 

factor pathway inhibitor (TFPI) regulates the initiation phase of secondary hemostasis by inhibiting FXa 

and TF-FVIIa complex. The circulating antithrombin III (ATIII) neutralizes FIX, FX, and FXI and thrombin 

once they leave the localized site of coagulation (14). In addition, thrombin activity is inhibited by the 

thrombomodulin (TM) attached to intact endothelial cells. Binding to TM interferes with the 

procoagulant activity of thrombin that, as a result, loses its ability to cleave fibrinogen and activate the 

platelets. In return, thrombin becomes 1000-fold more effective in activating the protein C. Activated 

protein C (APC) constitutes a potent regulator of the coagulation process mainly by irreversible 

proteolytic inactivation of FVa and FVIIIa, the components of the prothrombinase and tenase 

complexes, respectively (15). Besides ATIII, there are other circulating plasma protease inhibitors 

(serpins) that constitute a generic tool for inactivation of the activated clotting factors at the sites distant 

from the injury: heparin cofactor II, protein Z-dependent protease inhibitor, a1-protease inhibitor, 

protein C inhibitor, a2-antiplasmin and plasminogen activator inhibitor-1 (16). 

1.1.4  Fibrinolys is  

Fibrinolysis is an enzymatic process that disrupts the hemostatic clot by dissolving fibrin into fibrin 

degradation products (FDPs) (Figure 1d). It begins alongside the coagulation to limit the expansion of 

the clot and facilitate its clearance once the vessel wall is healed. The dissolution of fibrin is facilitated 

by plasmin formed from the proenzyme plasminogen by tissue-type plasminogen activator (tPA) or 

urokinase-type plasminogen activator (uPA) released by endothelial cells. The release of t-PA is 

promoted by tissue obstruction, thrombin, epinephrine, vasopressin, and strenuous exercise (8). 

Degraded fibrin enhances its decay by exposed C- terminal lysines that act as a cofactor in activating 

plasminogen primarily by tPA. On the other hand, removing C-terminal lysines by the thrombin-

activatable inhibitor of fibrinolysis (TAFI) down-regulates the fibrinolysis. Other important regulators of 



6 
 
 

fibrinolysis are an inhibitor of tPA and uPA (plasminogen activator inhibitor type 1) and inhibitors of 

plasmin (a2-antiplasmin and a2-macroglobulin), respectively (17).  

In conclusion, coagulation and fibrinolysis are two coexisting mechanisms confined spatially and 

temporarily by a multi-level regulatory system in physiological conditions. Therefore, the deficiency in 

any participating factors can lead to either thrombosis or bleeding, each severe health complication. 

1.2. MANIFESTATIONS OF THROMBOSIS 

Thrombosis is an uncontrolled blood clot formation in the lumen of an artery or vein, leading to 

vessel occlusion and obstruction of blood circulation. The mechanisms underlying arterial and venous 

thrombosis emergence vary and are reflected in the morphology of the thrombus (Figure 3) and the 

manifestation of the disease (18). 

 

 

Figure 3. Formation of the pathologic thrombus in the lumen of a) an artery and b) a vein (modified from (18)). 

1.2.1  Arterial thrombosis  

The most severe manifestation of arterial thrombosis is an undesired clot formation in coronary or 

cerebral circulation leading to ischemic heart disease (IHD) or ischemic stroke (IS), respectively (19). 

Both of these morbidities are invariably the most common causes of death worldwide (data since 2000), 

accounting for 9 433 mln (IHD) and 5 781 mln (IS) deceased in 2016 and corresponding to the death 

rates of 126 per 100 000 population for IHD and 77 per 100 000 population for IS (20). Arterial 

thrombosis is triggered by the rapture of the atherosclerotic plaque (cholesterol deposits and lipid-laden 
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macrophages) and the resulting discontinuation of the endothelial wall (Figure 3a). The procoagulant 

proteins (collagen, vWF, and TF) get exposed to the blood leading to a subsequent buildup of the 

platelet-rich thrombus at the high shear flow. Unlike the hemostatic clot, the arterial thrombus 

proceeds onto the atherosclerotic plaque and propagates inside the lumen of the artery inducing local 

blood flow alterations. Downstream from the platelet plug, there is a formation of the additional fibrin- 

and red cells-rich thrombus in the zone of lower blood circulation. These events display a lack of spatial 

and temporal regulation of the primary and secondary clot, as it usually occurs in hemostasis (19). The 

main risk factors for arterial thrombosis include hypertension, high levels of low-density lipoprotein (LDL 

- cholesterol), diabetes, obesity, smoking, and advanced age (21). Antiplatelet drugs are the most 

commonly used agents for the prevention and treatment of arterial thrombosis. In addition, 

anticoagulants and fibrinolytic therapies play an essential role in managing the disease (19). 

1.2.2  Venous thrombosis  

Venous thrombosis manifests as deep vein thrombosis (DVT), its sequelae pulmonary embolism (PE) 

(collectively referred to as thromboembolism), and post-thrombotic syndrome. The DVT evolves upon 

pathologic formation of thrombus and obstruction of the blood flow in deep veins of the leg or, less 

frequently, upper extremities (22). PE is a complication of DVT, and it occurs once the thrombus breaks 

down and is circulated to the pulmonary artery (embolization). PE leads to hemodynamic instability 

ranging from asymptomatic to massive embolism, causing instant death (23). In addition, the patients 

often experience recurrent episodes of thromboembolism or a substantial post-thrombotic syndrome, 

a common chronic disease including pain, swelling, and sporadically ulceration of the leg (3). 

Thromboembolism constitutes the third most common cause of death from cardiovascular disease after 

a heart attack and stroke (24), with a mortality rate of 9.4–32.3 per 100 000 population (1998–2008) 

(2).  

Contrary to arterial thrombosis, the venous clot typically emerges without damage to the 

endothelium and is triggered by factors described as Virchow's Triad (25): altered properties of the 

blood (thrombophilia), altered vessel wall, or abnormal blood flow. In contrast to the platelet-rich 

arterial plug, the venous thrombus is composed mainly of fibrin strands, red blood cells, and few 

platelets (so-called red thrombus) (Figure 3b) (18). The elevated risk for venous thrombosis is related to 

both genetic and environmental factors. Thrombophilia is a global term for congenital or acquired 

thrombotic disorders related to the excessive activity of the coagulation system caused either by 

increased levels of coagulation factors or lack of hemostatic regulators. The hereditary thrombophilia 

includes deficiencies in ATIII, protein C, and protein S and mutations in FV and prothrombin. The 

acquired coagulation abnormalities comprise antiphospholipid antibody syndrome, increased levels of 
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factors VIII, IX, XI, or fibrinogen and heparin-induced thrombocytopenia (8). Another potential route for 

the emergence of venous thrombosis is changes in the vessel wall. In physiological conditions, 

endothelium constitutes a surface with anticoagulant properties. However, the abnormal expression of 

pro- or anticoagulant factors can initiate the spontaneous formation of the clot. Besides, the low blood 

flow and shear stress (stasis) caused by immobility (hospitalization, long travel, sedentary lifestyle) 

negatively impact the natural antithrombotic and profibrinolytic functions of vascular cells (25). Other 

predisposing factors to venous thrombosis include major surgery, trauma, cancer, obesity and a history 

of deep vein thrombosis (22). Anticoagulant drugs such as low-molecular-weight heparin followed by 

vitamin K antagonists (VKAs) constitute a cornerstone of thromboembolism management (22). 

1.2.3  Chal lenges and risks  in the prevention of thrombosis  

Thrombosis is a remarkable example of a disease that can be prevented (2,22,26). The appropriate 

anticoagulation therapy can avoid the formation of deadly blood clots. The established repertoire of 

anticoagulants includes oral vitamin K antagonists (VKAs), non-vitamin K antagonist oral anticoagulants 

(NOACs), heparins, and parenteral indirect activated FXa inhibitors (27,28). Despite these agents' high 

effectiveness and everyday use, some limitations have to be acknowledged, e.g., narrow therapeutic 

range, lack of a specific antidote, and variability in patient outcome. Notably, the anticoagulant agents 

target the partially shared pathways between the physiologic hemostasis and the pathological 

emergence of thrombus. Therefore, overtreatment is commonly associated with a side effect of severe 

bleeding (5). 

Furthermore, adjusting the correct dose is troublesome because the patient outcome is highly 

dependent on age, environmental, and genetic factors. For instance, altered pharmacokinetics is 

reported for VKAs due to food-drug interactions, renal failure, or liver disease. On the other hand, 

heparin-based anticoagulants are associated with the potential development of heparin-induced 

thrombocytopenia (28). Furthermore, serious bleeding events were reported in 38 – 56% of 

extracorporeal life support (ECLS) patients, while thrombosis was noted in 13 – 31% (29, 30). For elective 

surgeries, anticoagulation therapy is typically discontinued in patients with atrial fibrillation and bridged 

with low-molecular-weight heparin (LMWH) to minimize the risk of bleeding and protect against stroke 

and systemic embolism (31). However, this strategy was reported to increase the risk for significant 

bleeding upon interruption of anticoagulation with dabigatran or warfarin (32). Besides, there is no 

established protocol for perioperative management of patients receiving long-term anticoagulation 

therapy or general anticoagulation scheme among different centers (33). The treatment can be 

improved by accurately quantifying the risk and tailored treatment aided by diagnostic testing for 

dosage adjustment. However, identifying individuals at high risk and implementing the safe and 
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effective anticoagulation strategy remains challenging due to the lack of a generic diagnostic method 

(19). 

1.3. DIAGNOSIS OF THROMBOSIS 

1.3.1  Screening blood tests  

The measurement of clotting times (thrombin time, activated partial thromboplastin time, and 

prothrombin time) belongs to the routine blood diagnostic ordered for screening purposes of 

thrombotic and bleeding disorders. The assays measure the time it takes the sample of decalcified 

plasma to clot after adding the test-specific reagent ( 

Figure 4). Typically, testing of samples is performed on automated instruments with mechanical or 

optical detection of the fibrin clot (34). 

 

Figure 4. A schematic representation of the blood clotting tests (based on https://practical-haemostasis.com). 

Thrombin time (TT) is the starting point in the clinical investigation for clotting abnormalities. In this 

test, the human or bovine thrombin is added to the citrated platelet-poor plasma. The TT result is 

represented as the time it takes the sample to form the stable clot. Although a typical TT result varies 

depending on the reagents and procedure used in each diagnostic center, it should be in the range of 

13-15 seconds. The shortened TT has no clinical significance as it is related to the improper collection 

and processing of the sample in most cases. The prolonged TT indicates congenital or acquired 
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fibrinogen deficiencies or the presence of inhibitors against thrombin or fibrin. The TT is followed by 

other tests that lead to a more specific diagnosis (35). 

Activated partial thromboplastin time (aPTT) deals with the activity of the factors from the intrinsic 

pathway. Firstly, the platelet-poor plasma is prepared from the blood sample collected in the presence 

of the chelation agent (e.g., sodium citrate). Then, the prepared sample is incubated at 37°C with 

Cephalin (a phospholipid substitute of the platelet phospholipids) and a contact activator (micronized 

silica or ellagic acid). The clotting is initiated after the addition of pre-warmed excess of calcium that 

reverses the anticoagulant action of the chelator and starts the clotting cascade of intrinsic and common 

pathways (34). The typical aPTT ranges from 27 to 35 seconds, but these reference times vary 

significantly between laboratories depending on the type of activator, duration of incubation, and 

analytical instrument. The term "partial" indicates the absence of the tissue factor in the thromboplastin 

reagent. Thus the aPTT cannot detect deficiencies in factor VII. The shortened aPPT times have minor 

clinical relevance, although some data suggest they can be indicators of recurrent thromboembolism 

(36). The prolonged times imply hereditary or acquired deficiencies in factors FVIII, FIX, FXI, and FXII or 

the presence of anticoagulants. The aPTT is commonly used for monitoring anticoagulation therapy with 

heparin and direct thrombin inhibitors (34).  

Prothrombin time (PT) measures clotting time after adding thromboplastin (TF, phospholipid, and 

calcium) to the citrated platelet-poor plasma. The PT allows assessment of the extrinsic and common 

pathways, and therefore it is sensitive to fibrinogen deficiencies, FII, FV, FVII, FX. As most of the clotting 

factors are produced in the liver and undergo a vitamin K-dependent posttranslational modification that 

allows them to participate in the clotting reactions (8), the PT is useful in detecting liver disease, 

deficiencies in the vitamin K, and the presence of its antagonists such as warfarin (34). However, the 

typical PT results show significant interlaboratory variations, depending on the thromboplastin 

sensitivity and type of instrumentation. Historically, thromboplastin reagent was derived from tissues 

of different species, which was associated with variability of the results. However, the introduction of 

the recombinant thromboplastin to the market did not significantly improve the assay reproducibility. 

To overcome this problem, the World Health Organization introduced the international normalized ratio 

(INR) that normalizes the PT result with the value that refers to the sensitivity of the particular 

thromboplastin used in the measurement (36). Standardizing the test is especially important for 

monitoring the vKA anticoagulation because of the narrow therapeutic index of warfarin and the high 

risk of side effects. In addition, the introduction of PT/INR resulted in the emergence of self-monitoring 

devices for controlling warfarin therapy (37). 

Although the aPTT and PT tests allow for the detection of deficiencies in the specific factors, they 

cannot reconstruct the complex interplay of coagulant and anticoagulant processes in vivo. Firstly, the 
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assays measure the clot formed when only about 5% of all physiologically relevant thrombin is 

generated. Secondly, they lack the cellular component of the coagulation (e.g., endothelial cells with 

thrombomodulin that is necessary to activate anticoagulant protein C). Therefore, these assays often 

fail to correlate the result with clinical symptoms, especially in the case of hypercoagulability or mild 

bleeding disorders (38,39). Besides, high interlaboratory variations make it difficult to compare the 

results between different centers. Thus, the diagnostic is vulnerable to errors in the determination of 

optimal doses of anticoagulants. For instance, the credibility of PT standardized with INR was 

undermined when a poor agreement among the results was observed for seven commercial reagents 

(40). Also, a comparison of self-monitoring devices based on PT/INR with laboratory values showed 

statistically significant differences with the trend towards overestimation on the lower end of the 

therapeutic scale for patients on anticoagulation (where: risk of thrombosis > 2-3 < risk of bleeding)  

(41). Therefore, methods that could measure a complete coagulation process and better reflect the 

complex interplay of the coagulant and anticoagulant processes have been pursued to provide a better 

insight into the functionality and pathologies of hemostasis (42). 

1.3.2  Thrombin generation assay  

The thrombin generation assay (TGA) measures thrombin generation kinetics at all stages of the 

coagulation process: initiation, amplification, propagation, and inhibition. As TGA can capture the 

interaction of pro- and anti-coagulatory factors, it is believed to reflect the condition of the respective 

hemostatic systems accurately. In addition, the assay records the intensity of fluorescence that 

originates from the cleavage of the fluorogenic substrate by thrombin in the recalcified plasma or whole 

blood after the addition of TF, phospholipids, and calcium (38) 

(Figure 5a). The measurement result is presented as a thrombogram with the main parameters 

described below (Figure 5b): 

• Lag time – initiation phase – a small amount of thrombin is formed 

• Upward slope – thrombin generation rate 

• Time to peak and peak height – amplification and propagation phase – thrombin burst 

• Endogenous thrombin potential (ETP) – the area under the curve reflecting total thrombin 

formed 

• Downward slope – thrombin inactivation rates due to activation of coagulation inhibitors 
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Figure 5. a) A schematic representation of thrombin generation assay and b) the resulting thrombogram with main 
parameters. Modified from (43). 

 To remove the intrinsic fluorescence of plasma samples, the calibrated automated thrombogram 

was introduced (CAT). In the CAT method, the plasma (or blood) sample is split into two portions. One 

portion is supplemented as in standard TGA (TF, phospholipids, calcium, and the fluorogenic substrate), 

while the second portion is used for calibration by adding α2-macroglobulin-thrombin complex and the 

fluorogenic substrate. Both samples are measured in parallel, and the fluorescence intensity of the 

thrombin-generating sample is compared to the calibrator sample with a known concentration of the 

exogenous thrombin (44). 

As the thrombin is the final effector of the coagulation process, the thrombogram can reflect both 

hypo- and hypercoagulability, combined pathologies, and the action of anticoagulation treatment. 

Although TGA was automated to run multiple samples simultaneously, the standardization is still 

problematic and hampers the everyday use of TGA in the clinic (45).   

1.3.3  Thromboelastography 

Thromboelastography (TE) constitutes a global hemostasis test that investigates the viscoelastic 

properties of the coagulating and fibrinolytic blood under low shear stress. It was introduced by Dr. 

Hellmut Hartert in 1948 (46). Since then, technology emerged into two primary modalities: 

thromboelastography (TEG®) and thromboelastometry (ROTEM®) together with commercially available 

instrumentation. Both techniques measure the physical properties of a forming clot in whole blood via 

a suspended detection pin immersed in the sample. The measurement is performed in the disposable 
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cup that oscillates around the detection pin (TEG) or in an immobile cup with an oscillating suspended 

pin (ROTEM) (47) (Figure 6). 

 

Figure 6. The working principle of a) TEG and b) ROTEM. Reprinted from (47). 

During the measurement, the cup is heated to 37°C, and the coagulation activators are added (kaolin, 

TF). With the progression of the coagulation process, the sample's viscosity increases due to the 

development of the three-dimensional fibrin mesh over aggregated platelets. As a result, the clot starts 

to adhere to the cup inducing changes in pin's rotation - the amplitude of the detection pin motion 

scales with the viscoelasticity of the clot. As the process of fibrinolysis begins, the clot slowly dissolves, 

and the sample loses its viscosity resulting in a reduced rotation of the pin (48). The detected changes 

in pin motion are recorded in time and presented graphically as a thromboelastogram (Figure 7). In the 

analysis of the thromboelastogram, four parameters are taken into account: clot initiation (R time), clot 

formation rate (K time and Alpha angle), clot strength (maximum amplitude MA), and clot stability (lysis 

at 30 min). Depending on the existing coagulopathy, different shapes of thromboelastogram can be 

obtained. Moreover, different nomenclatures describe the same measurement parameters in TEG and 

ROTEM (49).  
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Figure 7. In TEG measurement, the amplitude of the pin is recorded in time and presented as a thromboelastogram 

(top left). Different coagulation patterns are reflected in the particular shape of the thromboelastogram (top right), 

DIC - disseminated intravascular coagulation. The parameters describing each stage of clotting are presented in 

the table, modified from www.tamingthesru.com and www.emdocs.net. 

 

The TE methods consider the function of platelets and therefore offer a global assessment of the 

hemostasis. Due to the commercially available instrumentation, both methods are used as a bedside 

device in emergency settings (e.g., trauma, massive bleeding) and in liver transplantation and cardiac 

surgeries for timely decision making and management of transfusions. Despite many advantages, some 

challenges remain, such as poor reproducibility and ambiguous results in the case of administration of 

low molecular weight heparin (LMWH), aspirin, or presence of post-cardiac bypass (33, 44). Notably, 

due to the lack of accuracy in testing trauma-induced coagulopathy, TEG-based methods were advised 

to be restricted to scientific use until the standardized protocol is developed (51). 
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1.3.4  Molecular markers of thrombin 

Complex and often ambiguous data analysis of global coagulation assays boosted the development 

of new screening techniques directed towards measurements of single components of the hemostatic 

system, including molecular markers of thrombin: prothrombin fragment 1+2 (F1+2), fibrinopeptide A 

(FPA), and thrombin-antithrombin complex (TAT) (Figure 8). Multiple techniques can be used to detect 

every single component utilizing specific antibodies or aptamers and using ELISA and sensor 

technologies. The measured markers give an indirect overview of the generation of thrombin, its 

activity, and inhibition. It should be noted that levels of these markers do not predict the risk of 

coagulation or bleeding but rather describe the ongoing or past abnormal process (52). 

 

 

Figure 8. Formation of molecular markers of thrombin generation (F1+2), activity (FPA), and inhibition (TAT). 
Reprinted from (53). 

For the generation of active thrombin enzyme, the inactive zymogen prothrombin is cleaved in the 

presence of FXa, FVa, phospholipids, and calcium ions (prothrombinase complex). Thus, the first 

proteolytic cleavage occurs at Arg271, producing prethrombin-2 and F1+2, or at Arg320, making 

meizothrombin. Then, the prethrombin is cleaved at Arg 320 to produce active thrombin, while the 

meizothrombin is processed at Arg 271 to liberate F1+2 and active thrombin (54). Therefore, the F1+2 

is a molecular marker of thrombin generation, and it was proved to be helpful in the diagnosis of ongoing 

thrombotic stages such as DVT, DIC, myocardial and cerebral infarction, and for monitoring of 

anticoagulant therapy with VKAs (55). 

FPA is a 16 amino acid peptide that is released during the cleavage of fibrinogen by active thrombin. 

Therefore, this marker reflects the amount of active (non-inhibited) thrombin in the blood. It has a short 

lifetime of 3-5 min (56), and therefore it is a reliable marker of the ongoing coagulation process. The 

processing of the fibrinogen by thrombin results in the generation of a fibrin monomer that has a strong 
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propensity to polymerization. Fibrin molecules are crosslinked by FXIIIa and form insoluble fibrin 

polymer, strengthening the initial hemostatic plug composed of platelets. The fibrin clot is degraded by 

plasmin during the fibrinolysis, which creates a heterogeneous group of fibrin degradation products 

such as D-dimers. The D-dimer tests are also commonly used as a strong indicator of past thrombotic 

conditions to diagnose PTE, DIC, DVT, and cancers (57). 

The active thrombin is instantly inhibited by serpin antithrombin with a complex half-life of about 

15 min. Glycosaminoglycan cofactors, e.g., heparin, increase antithrombin activity by enhancing the 

affinity of the interaction. Therefore, measuring the level of TAT complexes constitutes a 

complementary test to FPA. When FPA describes thrombin activity, TAT estimates thrombin inactivated 

by binding to its natural inhibitor antithrombin. (58). 

1.3.5  Free thrombin as a biomarker of thrombosis  

Despite multiple modalities of testing the condition of the coagulation system, there is still room for 

a more precise and direct method. The methods mentioned above can provide valuable information 

about the coagulation stage. However, to get a complete picture of hemostasis status and quantitatively 

assess the risk, the direct monitoring of thrombin concentrations would be beneficial. As thrombin is 

the ultimate enzyme in the coagulation cascade, it truly reflects different hemostatic stages. Therefore, 

it can be used as a marker to help the understanding of the actual state of the patient and account for 

better diagnostic, patient care, and outcome. A simple test measuring the amount of circulating free 

thrombin would help timely decision-making in intensive care units, surgeries, and self-monitoring at 

home. However, monitoring free-thrombin directly in the blood is problematic since it leads to 

coagulation because of present fibrinogen. Also, once it is generated, thrombin is almost instantly 

inhibited by antithrombin in physiological conditions. 

1.4. SURFACE PLASMON RESONANCE SENSORS 

During the past several decades, new diagnostic platforms have been pursued to provide a robust 

and cost-effective alternative for the already established methods in the clinics. Among multiple 

investigated techniques, affinity biosensors based on optical, electrochemical, calorimetric, and piezo-

electric detection have received much attention. The most promising from these seem to be optical 

approaches based on surface plasmon resonance (SPR) and fluorescence as they provide sufficient 

sensitivity and limit of detection necessary for clinical applications. Moreover, the physical principles of 

these platforms are well understood (59). The history of the optical phenomenon of SPR dates back to 

1902 when Robert Williams Wood described the uneven distribution of white light spectrum diffracted 

by a metallic diffraction grating (60).  However, it was not until 1968 when the phenomenon was 
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thoroughly explained, and the methods for excitation of surface plasmons were demonstrated by Otto 

(61) and Kretschmann and Raether (62). Since then, the SPR has been extensively studied, becoming a 

basis for the emergence of the first SPR-based sensor in 1982 (63,64). Besides, the commercialized 

system Biacore™ was launched in 1990 by Pharmacia Biosensor AB in Sweden (65) and, up to now, is a 

leading technology for the automated investigation of kinetics and thermodynamics of biomolecular 

interactions. The phenomenon of excited surface plasmons on the metal-dielectric interface found a 

wide range of applications in the detection of chemical and biological species not only in the medical 

diagnostics (biomarkers detection) but also in the biotech and pharmaceutical industry (optimization of 

antibodies, investigation of drug-target interactions), food industry (detection of allergens and 

pathogens) and environmental monitoring (detection of pollutants and biohazards). This chapter 

discusses the principles of SPR, its various implementations, and its methodology.  

1.4.1  Physical bases of SPR 

SPR occurs when the energy of photons impinging the metal-dielectric interface is transformed into 

a collective oscillation of electron plasma in the metal that propagates along with the interface as the 

surface plasma wave (SPW) with the propagation constant β: 

𝛽 =
𝜔

𝑐
 √

𝑛𝑚
2 𝑛𝑑

2

𝑛𝑚
2 +𝑛𝑑

2                                                                      (1) 

where ω is the angular frequency, c is the speed of light in a vacuum, nd is the refractive index of the 

dielectric, and nm is the refractive index of the metal (66). The propagation of the SPW is associated with 

the emergence of the evanescent electromagnetic wave (EW) that penetrates the two adjacent media 

in a perpendicular direction to the interface and decays exponentially while propagating. Due to the 

shorter penetration depth of the metal, 80 - 90% of the electromagnetic field energy is confined in the 

dielectric (67). The SPW in the visible part of the spectrum can be supported by several metals, from 

which silver and gold are the most commonly used.  Table 2 compares the main characteristics of SPW 

propagating along with silver and gold interfaces at a wavelength of λ = 630 nm. From the physics point 

of view, silver has better features for application in SPR-based sensors because the SPW is less 

attenuated and has higher localization of the EW in the dielectric. However, silver is vulnerable to 

oxidation, and therefore gold was chosen as a standard coating of the SPR sensor chips (67). 

 

 

 

 

 



18 
 
 

Table 2. SPW propagation parameters for silver and gold at the wavelength λ = 630 nm, based on (67). 

Metal supporting SPW Silver Gold 

SPW propagation length (μm) 19 3 

EW penetration depth into 
metal (nm) 

24 29 

EW penetration depth into 
dielectric (nm) 

219 162 

Concentration of EW in 
dielectric (%) 

90 85 

 

Equation 1 implicates that β depends on the optical properties of both the dielectric and the metal. 

Therefore, the EW that penetrates the dielectric can be employed to probe its variations induced by the 

binding of molecular species to the metal surface, resulting in a refractive index change. SPR-based 

biosensor technology takes advantage of this phenomenon because while the other parameters are 

constant, changes in the refractive index of the dielectric medium near the interface will alter the 

propagation constant β. From this, the SPR signal scales regardless of the identity of the interacting 

molecules but rather due to mass accumulated on the sensor surface. Therefore, for sensing 

applications, the biomolecular recognition elements (ligands) are immobilized on the sensor surface to 

achieve selective detection of analytes. Various biomolecular recognition elements have been used for 

SPR sensing, while the most common are antibodies, enzymes, aptamers, and nucleic acids. In the 

affinity biosensors, the interaction of the immobilized ligand and the analyte ensures the high specificity 

and sensitivity of the biosensor. Thus, depending on the ligand used, the plasmonic sensor can be 

designed to detect different kinds of analytes as antigens, enzymatic substrates, proteins, 

complementary strands of nucleic acids, etc.  

 Three main types of surface plasmons can be differentiated (Figure 9): propagating surface plasmons 

(PSP), localized surface plasmons (LSP), and long-range surface plasmons (LRSP). 
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Figure 9. Three types of surface plasmon resonance, modified from (68). 

PSPs emerge at the interface of a dielectric and a continuous layer of thin metal. PSPs allow for probing 

the molecular interactions up to Lp~200 nm from the metallic surface, and they are the first choice 

method for the investigation of binding events of biomolecules such as antibodies. On the other hand, 

LSPs are excited on plasmonic nanostructures such as metallic nanoparticles or arrays of metallic 

nanoparticles, nanoholes, or nanopillars attached to the solid support. LSPs are accompanied by the 

electron cloud that oscillates collectively, leading to the electric field's concentration near the metallic 

surface (Lp up to tens of nanometers). Thus, LSPs are utilized for the enhancement of sensitivity and 

probing of small molecules. In contrast, LRSP can be excited when the continuous thin metallic layer is 

suspended between two dielectrics with a similar refractive index. In this case, the electromagnetic field 

is confined on both sides of the metal and penetrates the dielectric in opposite directions. As a result, a 

stronger EW is created to measure larger species such as cells or thick layers of molecules up to 1 um 

from the surface (69). Notably, different types of surface plasmons can be combined on one SPR sensor 

chip to achieve better sensitivity or multiplexing. 

1.4.2  Light coupl ing methods  

The incident optical wave must be phase-matched with the PSP waves along the metal surface to 

excite PSP modes. Indeed, this is impossible to achieve with an optical wave directly impinging at the 

metal surface as the magnitude of the wave vector of light is consistently lower than that of PSPs. 

Therefore, the excitation beam light vector needs to be enhanced by using a coupler. One commonly 

used approach is the so-called Kretschmann configuration of attenuated total reflection method (ATR). 

Here, a substrate with high refractive index np is coated by a thin metallic film, and contacted with 

dielectric with refractive index nd, see Figure 10. A light beam that is incident at the metal film from the 

high refractive index glass slide above the critical angle can generate an evanescent field that penetrates 

the film. At the outer interface between the metal and lower refractive index dielectric, PSPs can be 

excited as the high index glass allows to achieve the phase-matching  condition that holds: 
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where λ is a wavelength and θ is the angle of incidence.  

 

Figure 10. A schematic representation of the Kretschmann configuration with high refractive index substrate np, 
propagating surface plasmons (PSPs), and evanescent wave (EW) at the metal-dielectric interface with refractive 
indices of nm and nd. Detection of an analyte (yellow) by biomolecular recognition elements (green) immobilized 
on the sensor surface is shown. 

In practice, the ATR configuration with Kretschmann geometry is implemented by using a high refractive 

index glass prism, as presented in Figure 11a. Then, a light beam is launched to the prism and made 

totally internally reflected (TIR) at the prism base with an optically matched glass substrate carrying a 

thin metallic film. The angle of incidence θ is tuned above the critical angle θC, and the generated 

evanescent field penetrates through the metal film to excited surface plasmons. Figure 11b illustrates 

the excitation of surface plasmons by using the optical waveguide, which also relies on ATR. In the 

classical configuration of this method, the optical fiber that is composed of the core (refractive index 

ncore) coated with plasmon-supporting metal is immersed in a dielectric (refractive index nd < ncore). As a 

result, the light propagating inside the core undergoes TIR and excites surface plasmons. 
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Figure 11. Excitation of surface plasmons by using a) a prism coupler in Kretschmann configuration, b) waveguide, 
and c) metallic grating. d) Manifestation of SPR as a resonant dip in the reflectivity spectrum. 

 

A distinct type of coupler utilizes diffraction-based phase-matching, as presented in Figure 11c. In this 

configuration, a light beam directly hits a periodically corrugated surface of a metallic grating. It 

becomes coupled to a series of diffraction orders that travel in the far-field or form evanescent waves 

propagating along its surface through diffraction. The energy of the optical wave can be transformed 

into the surface plasmons when a part of the diffracting light with a wave vector that is parallel to the 

surface grating matches with the propagation constant of the surface plasmon wave for specific 

diffraction order m: 

 

2𝜋
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where Λ is the grating period. 

 

In the SPR sensors, refractive index changes occurring on their surface are monitored as variations in 

polarization and phase shift, resonant angle shift, and resonant wavelength shift. The SPR angle shift 



22 
 
 

monitoring is the most commonly used detection method in the SPR biosensors (70). As it is illustrated 

in Figure 11d, the SPR is manifested as a characteristic dip in the reflected light spectrum since the 

energy of photons is consumed by PSPs at the SPR angle/SPR wavelength, where the phase-matching 

condition is fulfilled  (δθ or δλ depending on the SPR setup). Therefore, the position of the SPR dip is 

sensitive to the changes in refractive index on the metal-dielectric interface. This allows for monitoring 

the mass accumulating on the surface due to molecular binding events and therefore sensing.  

1.4.3  Plasmonic nanostructures 

Recent progress in nanofabrication methods such as electron-beam lithography, focused ion beam 

milling, photolithography, and soft lithography has paved the way for the realization of metallic 

nanostructures with strictly controlled dimensions in shape, size, and spacing (71) (Figure 12). Metallic 

nanostructures can also facilitate light coupling to surface plasmons supported at their surface – LSPs. 

They provide means to manipulate light by tight confinement to subwavelength volume and therefore 

became increasingly employed in biosensing. LSPs typically confine their energy on sharp or bent 

metallic edges of metallic nanoparticles. Moreover, such LSP resonances can form more complex hybrid 

modes when interacting with PSPs on the planar metallic surface of nanostructure arrays or become 

diffractively coupled LSPs and establish surface lattice resonances. 

 

 

Figure 12. Various shapes and dimensions of nanostructures are available for excitation of LSPs, and coupled LSPs 
and PSPs resonances. 
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In addition, the optical properties of the nanostructures can be enriched by interfacing them with 

inorganic and organic materials to actuate resonant coupling (72). Metallic nanostructures composed 

of nanoparticles (NPs), nanopillars, nanoholes in multiple geometrical variations have captivated 

substantial interest due to their potential applications in miniaturized devices such as photonic circuits, 

sensors, and diagnostic systems (73). 

1.4.4  Operation of SPR-based biosensors  

An example of an SPR biosensor system with Kretschmann configuration is depicted in  Figure 13. The 

sensor chip is optically matched to a prism mounted on the rotation stage that allows for the control of 

the angle of incidence θ. At the metallic surface of the sensor chip, a microfluidic cell is clamped to 

transport the analyzed liquid samples across its surface. The optical system is composed of a light 

source, polarizer, chopper, and detector. The binding that manifests as a change in the refractive index 

(and the corresponding change in the SPR) is converted into an electrical signal processed by dedicated 

hardware and software into readable data. The data can be recorded as the angular scans when the 

change of the surface optical properties is represented as a shift in the SPR angle. Otherwise, the angle 

can be kept constant, and the changes in the reflectivity intensity can be recorded in time, resulting in 

the SPR sensorgram. 

 

Figure 13. The main components of the SPR sensor system are microfluidics, sensor chip, optics, and electronics. 
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SPR technology allows for the real-time monitoring of molecular interactions, represented in the form 

of sensorgrams. Figure 14 shows a representative example of such sensorgram acquired for affinity 

binding experiment on the sensor chip. The experiment starts with a running buffer to establish the 

baseline in the SPR signal. Subsequently, the interacting analyte is injected and let interact with the 

sensing layer that is pre-functionalized with BRE. The binding of the target analyte from the liquid 

sample to its affinity partner immobilized at the sensor surface manifests as an increase of the SPR signal 

in the so-called association phase. A plateau is reached after a sufficiently long time when the 

association and dissociation event rates are in equilibrium. Finally, running buffer flows over the surface, 

and a gradual dissociation of the bound analyte molecules is observed as a decrease of the SPR signal. 

The regeneration buffer can be used to completely remove affinity-bound molecules from the surface 

and get back to the original baseline level. 

 

 

Figure 14. Example of an SPR sensorgram illustrating the changes in the signal during subsequent stages of the 
assay. The association of molecules is represented by an increase of SPR response (RU) from the initial baseline. 
The equilibrium is reached when there is a balance between the association and dissociation of the complex. The 
decrease in SPR response represents the dissociation of the complex. Reprinted from (74). 

1.5. ANTI-FOULING BIOINTERFACES 

Direct monitoring of affinity binding events without using labels represents a vital advantage of the 

SPR biosensor technology. However, it also imposes a challenge of assuring the sensor specificity as it is 

solely provided by the proper design of the sensor surface. This is inherent to the measurement principle 

as the SPR signal shifts with refractive index changes of the surface due to the respective surface mass 

accumulation. Therefore, the SPR-based biosensors cannot differentiate between the specific response 
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originating from the analyte and nonspecific interactions of other components present in the tested 

sample. These nonspecific interactions can occur between the sample and biorecognition elements due 

to the overlap of binding sites or between the sample and the SPR chip surface.  Both can lead to a high 

background signal and false positives. In addition, the reduction of detection window and surface 

activity can be observed due to the blocking of available binding sites (75). This phenomenon is 

especially troublesome when the detection needs to be performed in multicomponent biological 

samples like plasma and blood that, apart from biomarkers, are rich in various other abundant chemical 

species and cells. The complex matrices of these samples render the sensor surfaces fouling that is 

described as nonspecific and irreversible adsorption of proteins on the solid interfaces (76). Protein 

fouling is a multistep process that starts with attracting high-mobility proteins that are subsequently 

replaced by the bigger species with a  higher affinity to the surface (Vroman effect) (77). This 

phenomenon is driven by polar or hydrophobic interactions, hydrogen bonding, and van der Waals 

forces (78). Proteins can adhere to virtually any surface (79), taking into account the abundance of 

amino acid residues with various physicochemical properties as well as a possibility of conformational 

change of already adsorbed proteins [that can further increase the affinity of protein to the surface, 

primarily via hydrophobic interactions (80)]. Therefore, a vast majority of SPR-based methodologies are 

developed based on detection in single-compound solutions in buffer media to eliminate the propensity 

of the surface to fouling. Often, such proof-of-concept methods have insufficient capacity to produce 

reliable data in the real-life samples and thus, are not applicable in clinics. Notably, a direct detection of 

biomarkers in (ideally minimally processed) biological fluids lays in the tremendous interest of modern 

diagnostics as it can provide a valuable medical information in the instant and thus, shorten time to 

diagnosis. In order to limit the contribution of the nonspecific adsorption to the detection signal, the 

reference surface that does not contain the biorecognition elements was introduced to account for the 

nonspecific adsorption on the SPR chip surface. This method enables eliminating the contribution of the 

nonspecific signal, however, does not prevent the fouling. Therefore, in order to reduce the nonspecific 

interactions originating from a complex biological samples a pre-separation techniques of biomarkers 

were applied (81) or a number of antifouling coatings were implemented (76). Among the most 

commonly used coatings of gold sensor chips are self-assembled monolayers (SAMs) of oligoethylene 

glycol (OEG)-alkanethiols, polyethylene glycol (PEG), polymer brushes and hydrogels. This chapter 

discusses the preparation of the biosensor coatings that prevent nonspecific interactions with the 

surface, their types and architectures. 
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1.5.1  Preparation methods  of thin anti-foul ing layers  

1.5.1.1 "Grafting to" 

The antifouling surfaces can be prepared using the "grafting to" or "grafting from" approaches. 

"Grafting to" utilizes preformed molecules such as short polymer chains that spontaneously adsorb to 

the surface in the process of physisorption or chemisorption. The assembly of molecules occurs due to 

a favorable gain of free energy, and it is governed by the diffusion, molecular crowding, quality of the 

solvent, and the properties of the surface (e.g., purity, roughness). During the physisorption, elements 

forming the antifouling layer attach to the surface via common physical interactions, e.g., ionic, 

hydrophobic, dipole-dipole attraction, H-bonding, and van-der Waals forces. In general, this approach 

does not require the presence of any specific anchor group. However, the composition of the polymer 

can be optimized for such an interaction to occur more efficiently in particular conditions. For instance, 

Figure 15a shows the physisorption of diblock copolymer while in a given solvent, one block 

preferentially interacts with the surface, and the second block with the solvent facilitating the self-

assembly. Nevertheless, the quality (growth and composition) of the physisorbed layer is difficult to 

control, and such interface based on relatively weak electrostatic interactions is susceptible to removal, 

e.g., by the thermodynamically more beneficial solvent (82). 

These limitations can be overcome by preparing molecules with the terminal groups that are 

reactive towards the sensor surface and undergo the process of chemisorption. This approach utilizes 

the preformed molecules, but contrary to physisorption, the end reactive group assembly via a covalent 

linkage directly on the surface or interacts with the surface-bound complementary functional group 

(Figure 15b). A typical implementation is a photochemical "grafting to", whereas the photoreactive 

groups are incorporated in the polymer chain and sometimes on the surface. Irradiation with light leads 

to the covalent bonding of polymer and the substrate and the polymer crosslinking (83). As a result, the 

sensor coatings formed via chemisorption or photoreaction are more stable than the physisorbed 

layers. 

Nevertheless, problems with the layer homogeneity and relatively low grafting densities can arise 

due to the steric hindrances created by big polymer chains and their partial physisorption leading to 

masking the reactive spots on the surface. In "grafting to" methods, the preformed polymers can be 

fully characterized beforehand, resulting in lower molecular dispersity (82). However, they provide 

layers with lower maximum thickness. 
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Figure 15. Preparation of the antifouling layers on the sensor chip surface by a "grafting to" approach: a) 

physisorption, b) chemisorption, and c) "grafting from" method. Modified from (84). 

1.5.1.2 "Grafting from" 

To increase the grafting density and improve quality of the antifouling layers, there were 

investigated the "grafting from" methods based on in situ surface-initiated polymerization (SIP), 

resulting in homogenous layers of polymer coatings on the sensor surface (Figure 15c) (85). In this 

approach, the growth of the polymer is initiated from the surface-attached reactive initiator, and it 

depends on the availability and diffusion of the monomers, reactivity of the reaction centers during the 

propagation process, and conditions of the polymerization reaction (time, temperature, ambient) (82). 

The most common synthetic methodologies include free-radical polymerizations (surface-initiated atom 

transfer radical polymerization (SI-ATRP), surface-initiated reversible-addition fragmentation chain 

transfer (SI-RAFT) polymerization, surface-initiated nitroxide-mediated polymerization (SI-NMP) and 

surface-initiated photoiniferter-mediated polymerization (SI-PIMP)), polymerizations using 2,2,6,6-

tetramethyl- 1-piperidyloxy (TEMPO), ring-opening metathesis polymerization (ROMP), cationic 

polymerization and anionic polymerization  (86). The SIP method can provide high quality, densely 

packed, and homogenous antifouling layers primarily due to small molecular entities such as monomers 

and catalysts (instead of whole polymer chains), providing a lack of steric hindrance and thick layers. 

The main drawbacks of the "grafting from" method are complicated synthetic approaches and the 

possibility of the broader mass distribution due to the side reactions (85). 
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1.5.1.3 Coating methods 

Thin polymer layers can also be deposited on the solid sensor surface using physical coating 

methods (Figure 16). There are two main strategies: deposition of the polymer layer followed by the 

crosslinking or crosslinking during the deposition and growth of the polymer network (83). 

Electrospinning (or its modification electrospraying) uses the capillary tube (needle) filled with the 

solution of the polymer. Once a high voltage is applied to the system, the electrically charged jet of the 

polymer fibers or particles breaks up from the needle and deposits on the substrate. The advantage of 

electrospinning is its versatility, as it can be used for virtually any soluble polymer. However, a fine-

tuning of the deposition parameters is necessary to obtain the reproducible polymer layers (87). 

Spin coating is another valuable method for the creation of thin and homogenous polymer layers. 

In this method, a substrate is placed onto a spin coater's rotating stage, and the appropriate volume of 

the polymer solution is dropped on the top. Upon the substrate rotation, the centrifugal force acts on 

the coating fluid, spreading it over the substrate. The film's thickness depends on the polymer 

concentration, initial acceleration, and rotation speed. The advantage of the spin coater is the low 

polymer amount needed. However, there is a substantial loss of the material during the process. The 

spin coating is primarily applicable for small samples, as sufficient rotational force to get the thin and 

homogenous layer cannot be applied to the large area substrates (87).  

For the coating of the large surface areas, the dip-coating approach is beneficial where the substrate 

is immersed in a solution. The substrate is left in the solution for minutes to hours to allow the 

adsorption of the polymer molecules and then removed and dried by solvent evaporation. This 

approach enables obtaining highly uniform layers. However, a substantial amount of the polymer is 

needed. The thickness is impacted by several parameters such as attraction forces between the polymer 

and the substrate, immersion time, polymer concentration, and the number of coating cycles. In 

addition, since the polymers are physisorbed to the surface, the adhesion strength can be relatively low 

(87). 
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Figure 16. Polymer coating methods a) electrospinning or electrospraying, b) spin coating, and c) dip coating. 
Modified from (87). 

Also, various micropatterning techniques can be used for the deposition of structured layers of polymer 

materials such as nanoimprint lithography (88), photolithography (89), hot/soft embossing (90), and 

many others. 

1.5.2  Self-assembled monolayers  of alkanethiols  

Due to their availability and ease of preparation from the solution or vapor phase, SAMs of 

alkanethiols, alkane dithiols, and dialkyl(di)sulfides conjugated to (oligo)ethylene glycol (OEG)  

constitute a widely used toolbox for conferring the antifouling properties of the sensor interface. Each 

molecule of SAM contains three building blocks (Figure 17a): the headgroup, spacer, and the terminal 

group (91). The headgroup contains an atom of sulfur that guides the spontaneous self-assembly to the 

gold surface by chemisorption. The spacer is composed of the hydrocarbon chain of various lengths C11 

– C15 that through the van der Waals and hydrophobic forces promotes the upright position of each 

molecule and ensures efficient packing. The self-assembly of alkanethiols is a multistep process (Figure 

17b) that can take up to several hours or even days to be completed and involves an i. initial 

physisorption through the van der Waals interactions, ii. lying down phase where most of the surface is 

covered by the horizontally physisorbed molecules, iii. transition to the upright position by 

chemisorption of sulfur to gold and loss of the hydrogen atom, iv. standing up configuration resulting in 

an ordered and packed SAM. In the process of SAM formation, the intermolecular interactions compete 

with the interactions with the metallic surface, finally forming a uniform layer of closely packed 

molecules in a standing up position (91).  
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Figure 17. a) Schematic of the alkanethiol molecule chemisorbed on gold. The three building blocks of alkanethiol 
are shown in the picture. b) Phases of alkanethiols self-assembly: i. physisorption, ii. lying down phase, iii. initiation 
of the chemisorption and standing up phase, iv. standing up phase of closely packed alkanethiol molecules. 
Modified from (91). 

Typically, the alkane chain is extended by 3-6 units of ethylene glycol terminated with the functional 

group that can be utilized for a covalent attachment of the biorecognition elements on the top of the 

SAM layer. The packing of the surface can be controlled by adjusting the alkanethiols' concentration and 

optimizing the conditions of their preparation. Besides, a mixture of hydroxy- and carboxy-terminated 

thiols are applied to regulate the density of the biorecognition elements attached via, e.g., amine 

coupling involving carboxylic groups. Notably, the thickness of such SAM is only about 2.5 nm and can 

be used for sensors based on LSP with a highly localized evanescent field that probes interactions up to 

a few tens of nanometers from the surface (79). The antifouling properties of OEG alkanethiol SAM 

emerge from their packing density and the hydrophilicity of the oligoether chains and terminal -OH 

groups. The OEG alkanethiols are the most straightforward anti-fouling coating for proof-of-concept 

experiments with single protein solutions. However, they lack the resistance to fouling from more 

complex biological fluids (76,92). 

1.5.3  Hydrogels  

Hydrogels hold a prominent position among the organic materials integrated into biosensing devices 

due to their unique chemical and physical characteristics. Hydrogels can be composed of small 

molecules, particles, or polymer chains that are either chemically or physically crosslinked to form a 

network that highly swells in water (83). The hydrogel matrix's number and type of crosslinks determine 

its mechanical properties and mesh size (ξ). Chemical links are made through the covalent bonds and 

typically provide better chemical stability than the physical ones based on hydrogen bonding and 
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hydrophobic and electrostatic interactions. The mesh size constitutes a space between the polymer 

chains available for the diffusion of the molecules through the matrix (Figure 18).  

 

Figure 18. Schematic representation of the hydrogel matrix with the mesh size ξ,  and present chemical and 
physical links and chain entanglements. The �̅̅̅�𝑐 indicates the average molecular weight between the crosslinking 
points. Reprinted from (93). 

The main hydrogel formats are presented in Figure 19 and can be classified as bulk 3D materials, 

small microgel particles with the advantage of large surface area, thin hydrogel layers (~100 nm – 10 

µm) attached to the solid support, and surface-attached polymer brushes.  

On the molecular level, due to the uneven distribution of the chains concentration, their length, and 

non-uniform crosslinking, the spatial and topological inhomogeneities can arise in the hydrogel network. 

Therefore, various methods are used to study the topology and the physicochemical properties of the 

hydrogel structures, such as contact angle measurements, ellipsometry, SPR combined with optical 

waveguide spectroscopy (OWS), atomic force microscopy (AFM), small-angle X-ray, neutron, and 

dynamic light scattering and fluorescence spectroscopy (83). 

 

Figure 19. Schematic representation of different hydrogel formats a) 3D bulk gel, b) microgel particle, c) surface-
attached polymer network, d) polymer brush. Modified from (83). 

The water uptake by hydrogel materials can vary from a few up to 99% (w/w) without a polymer 

dissolving (94). A large amount of water makes the hydrogels compatible with the biological systems 
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and renders their bioinert properties. Therefore, hydrogels are widely employed in various biomedical 

applications such as tissue fillers (95), scaffolds for tissue engineering (96), wound dressings (97), 

contact lenses (98), drug delivery systems (99), and bioanalytical devices (100). 

1.5.3.1 Mechanism of swelling 

Upon contact with the solvent, the hydrogel swells, expanding its volume even up to several orders 

of magnitude. The process of swelling is guided by the osmotic pressure that is built inside the highly 

hydrophilic matrix. The degree of swelling is dependent on the chemical composition of the gel, quality 

of the solvent, and a crosslinking degree as typically the highly crosslinked polymers have smaller mesh 

sizes and swell less. In the first phase of the swelling process, the molecules of water diffuse into the 

hydrogel. As they penetrate the matrix, the hydration of the polymer chains occurs, leading to their 

relaxation. Subsequently, the hydrated polymer chains stretch away, leading to a volumetric change of 

the system. The stretching of the polymer chains induces elastic retractive forces as a counterforce to 

the network expansion. The degree of swelling is determined by the balance between the osmotic 

pressure and the retractive elastic forces leading to the swelling to the maximal degree at the so-called 

equilibrium water content. When these forces meet a balance, the swelling stops, and the equilibrium 

is reached (93). Flory and Rehner first explained this phenomenon in the theory of swelling of the neutral 

isotropic polymer. The free energy of the hydrogel with the Gaussian distribution of polymer chain 

length and the tetrafunctional branching units can be expressed by: 

Δ𝐺 = Δ𝐺𝑒𝑙 + Δ𝐺𝑚𝑖𝑥           (Eq. 4) 

where Δ𝐺𝑒𝑙 is the free energy of elastic retractive forces and Δ𝐺𝑚𝑖𝑥 is the free energy of polymer and 

solvent mixing (94). Assuming the equal swelling in all directions, the mesh size 𝜉  of the swollen 

hydrogel network can by calculated as:  

𝜉 = 𝑣2,𝑠
−1/3

(
2𝐶𝑁𝑀𝑐̅̅ ̅̅

𝑀𝑟
)1/2𝑙           (Eq. 5) 

where 𝑣2,𝑠 is the polymer volume fraction in the fully swollen state,  𝑙 is the length of the bond along 

the backbone chain, 𝐶𝑁 is the Flory characteristic ratio, �̅̅̅�𝑐 is a molecular weight of the polymer chain 

between crosslinks, and 𝑀𝑟 is a molecular weight of the polymer repeat unit (93). 

1.5.3.2 Stimuli-responsive hydrogels 

In advanced hydrogel materials, swelling and shrinking of the network can be triggered and 

controlled by external stimulus, e.g., temperature, pH, light, pressure, electric or magnetic field, and 

presence of biomolecules as depicted in Figure 20 (95). Upon exposure to the stimulus, these materials 

undergo volume-phase transition, leading to rapid changes in the network morphology such as swelling, 

collapsing, or solution-to-gel transition. 
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Figure 20. Different types of stimuli for responsive hydrogel materials. Copied from (96). 

The responsive properties are inherent to the chemical composition of the hydrogel. For instance, the 

anionic and cationic hydrogels were designed with acidic or basic pendant groups to induce 

responsiveness to the pH changes (97). In the low pH, the acidic groups of the anionic hydrogel are 

protonated, and in the absence of the counterions, the hydrogel network becomes hydrophobic, leading 

to the removal of water and shrinking. In the alkaline pH, however, the acidic groups are deprotonated, 

the number of fixed charges increases the electrostatic repulsions between the chains and the 

hydrophilicity leading to the expansion of the hydrogel matrix. Cationic hydrogels exhibit similar 

behavior with the opposite trend (93). The other well-recognized class of responsive materials 

constitutes hydrogels sensitive to the thermal stimulus. These polymers can be divided into upper 

critical solution temperature (UCST) gels that are swollen above the UCST point and lower critical 

solution temperature (LCST) polymers that swell below the LCTS (Figure 21).  
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Figure 21. The difference between (a) the UCST and (b) the LCST polymers with examples of the respective 
materials. Modified from (98). 

This temperature-dependent behavior can be explained by the differences in the strength of the 

intermolecular interaction below and above the critical solution temperature point. For instance, below 

the LCST, the interaction between polymer and water is stronger than the one between polymer chains 

defining the swollen state of the hydrogel. However, when the temperature increases above the LCST, 

the polymer's hydrophobic parts become exposed due to the higher mobility of water molecules at a 

higher temperature. In this situation, the clustering of the non-polar elements and removal of water 

from the network is more energetically favorable and results in the collapsing of the polymer (93).  

 The mechanical work performed by the responsive hydrogels that is associated with swelling and 

collapsing has been exploited for the design of miniature valve systems (99), pumps (100), actuators 

(101), and microrobots (102). In addition, the stimuli-responsive hydrogels were utilized to actuate the 

optical signal in optical affinity SPR-based sensors (72,103,104). 

1.5.3.3  Origin of hydrogel materials 

Various hydrogel materials of a synthetic or a biological origin and numerous functionalities have 

been used for sensing applications  (83,105). Natural hydrogels, including polysaccharides and 

polypeptides (e.g., dextran, cellulose, alginate, chitosan, agarose, collagen, hyaluronic acid, and fibrin), 

are non-toxic materials with a good bio-compatibility and offer a low cost of preparation. However, they 

generally exhibit shorter shelf-life, worse mechanical properties, lower water uptake, and poor stimulus-
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responsive characteristics (106). These shortcomings led to new synthetic materials that can be readily 

tailored towards a specific stimulus and sensor readout. Gels based on polyacrylate and polyvinyl 

derivatives are most commonly exploited in optical sensors and are responsive to temperature changes 

to control their volume and refractive index (107). The polypyrrole, polyaniline, and poly(ethylenedioxy) 

thiophene are conductive polymers exploited for electrochemical sensing (108–110). Synthetic 

hydrogels typically provide better mechanical stability and longer degradation time.  

In addition, to combine the advantages of both hydrogel classes mentioned above, the natural 

hydrogels were modified with synthetic additives (e.g., nanofibers (111), nanoparticles (112–114) and 

carbon materials (115–117), and nature-mimicking hydrogels were synthetized (118–120) to obtain an 

improved cytotoxic profile, mechanical stability, degree of swelling and controlled reaction to various 

stimuli. 

1.5.3.4 Polymer brushes 

Polymer brushes are hydrogel-related surface modifiers that were researched to armor the sensor 

interface with antifouling properties. They are densely grafted macromolecule chains composed of one 

or more types of monomers. Brushes are attached to the surface via one end, while the second terminus 

stretches away, creating a closely packed polymeric layer (82). Contrary to the canonical hydrogels 

matrices of interconnected polymers, the polymer brushes do not need to be crosslinked as their 

topography is mainly determined by the surface attachment and the intermolecular non-covalent 

interactions between the chains.  The theoretical studies and experimental observation of polymer 

brushes have shown that tethered polymers exhibit different properties than bulk systems. A grafting 

density (σ) is a critical factor that governs the physical and morphological properties of the layer as well 

as the resistance to fouling. The three regimes of polymer brushes were identified: a mushroom, 

moderate- and high-density brush (Figure 22), in which the thickness of the layer correlates with the 

grafting density through the scaling law: 

ℎ ∝ 𝑁 × 𝜎𝑣            (Eq. 6) 

where h is the height of the polymer layer, N corresponds to the degree of polymerization, and v is an 

exponent that varies from 0 to 1 with the solvent quality and grafting density σ (e.g., in a moderate-

density regime v≈0.3 in a good solvent and v≈0.8 in a poor solvent). The mushroom regime is maintained 

in the low grafting densities σ when the average distance between two grafting sites D is larger than 

two times the radius of gyration Rg of the polymer chains  (D>2Rg), and v≈0. In this situation, the polymer 

layer achieves the lowest height h as the long polymer chains are electrostatically attracted to the empty 

sites on the surface. However, when σ increases and D approaches or is smaller than 2Rg, the chains 

transit to moderate or high-density regimes. When the grafting sites are in very close proximity, the 

chains stretch away from the surface to avoid energetically not favorable contact with each other and 
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to maximize the polymer-solvent interactions. In these conditions, the height of the polymer layer 

reaches the maximum in the presence of a good solvent (121). 

 

Figure 22. The three regimes of polymer brushes are mushroom, moderate-density, and high-density. The height 
of the polymer layer h depends on the grafting density σ, and it is theoretically described in the scaling law. The 
figure was copied from (121). 

Also, the grafting density σ impacts the antifouling properties of the polymer layer. It was observed that 

in low σ (mushroom regime), the proteins and cells penetrate the polymer chains and interact with the 

sensor surface via van der Waals forces. However, the solvated brushes generate an entropic penalty in 

the highly stretched regime that prevents trespassing to the underlying substrate. In this case, the 

repulsive interactions strongly dominate, enforcing the resistance to the interfering biological matter 

(122). 

Polymer brushes on the solid surfaces can be prepared by both the “grafting to” and “grafting from” 

approaches. However, only limited grafting densities were achieved with the first method. Therefore, 

multiple types of SIP have been developed to grow uniform quality antifouling layers on different 

substrate types and with various grafting densities and polymer growth kinetics. Depending on the 

application, different compositions and architectures of the polymer brushes can be designed, including 

a homopolymer, block copolymer, mixed brush or mixed molecular weight chains grafting, or chemical 

gradient polymer brush (Figure 23). 
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Figure 23. Various architectures of polymer brushes, reprinted from (123). 

1.5.3.5 Hydrogel optical waveguide spectroscopy 

The appropriate selection of hydrogel building blocks, chemically reactive groups and crosslinking 

parameters allows for tailoring hydrogel materials for specific applications in the field of biosensors as 

functional coatings (124), large capacity binding matrices (125), and actuators (126). One of the 

implementations of these materials into sensing is realized by hydrogel optical waveguide spectroscopy 

(HOWS). In this method, a metallic substrate is coated with a thin hydrogel layer. If this hydrogel layer's 

refractive index and thickness are sufficiently high, the surface-attached film can support propagation 

of the guided optical waves traveling inside the hydrogel matrix. These waves are confined in the 

polymer layer between the reflective metallic surface and the upper dielectric with a lower refractive 

index in the total internal reflection condition. The propagation constant β of the hydrogel waveguide 

modes depends on the refractive indices of the metal, hydrogel, and the dielectric as well as the polymer 

thickness and can be determined by solving the dispersion relation: 

tan (𝜅𝑑ℎ) =
𝛾𝑑𝑛ℎ

2/𝜅𝑛𝑑
2 +𝛾𝑚𝑛ℎ

2/𝜅𝑛𝑚
2  

1−(𝛾𝑑𝑛ℎ
2/𝜅𝑛𝑑

2)(𝛾𝑚𝑛ℎ
2/𝜅𝑛𝑚

2 )
         (Eq. 7) 

where 𝑑ℎ - thickness of the hydrogel layer; 𝑛ℎ, 𝑛𝑑 , 𝑛𝑚 – refractive indices of the hydrogel, dielectric, 

and metal, respectively; 𝜅2 = 𝑘0
2𝑛ℎ

2 − 𝛽2 , 𝛾𝑚
2 = 𝛽2 − 𝑘0

2𝑛𝑚
2  and 𝛾𝑑

2 = 𝛽2 − 𝑘0
2𝑛𝑑

2  – transverse 

propagation constants in the hydrogel film, metal, and liquid, respectively (127). 

The HOWS is commonly implemented using the Kretschmann configuration in which the metal- and 

the polymer-coated substrate is optically matched to a high refractive index prism (np). In this case, a 

monochromatic light beam under TIR can resonantly couple to the surface plasmon mode (SP) and the 

hydrogel waveguide mode (HW) (Figure 24a). The field intensity of the SP mode is confined close to the 

metallic surface, and it decays into the hydrogel matrix. On the other hand, the evanescent field of the 

HW mode is concentrated in the hydrogel, and it decays into the adjacent dielectric. The distinct dips 

manifest the excitation of these two modes in the reflectivity spectrum at the specific angles θHW and 

θSP (Figure 24b), which grows with the rise of the refractive index of the hydrogel and the adjacent 

dielectric. Such guided waves can be excited with both transverse magnetically and transverse 
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electrically polarized light, and their number increase with the thickness and the refractive index of the 

hydrogel. 

 

Figure 24. a) The Kretschmann configuration for the excitation of SP and HW modes, reprinted from (128). b) A 
simulated shift of the resonant angles θHW and θSP due to the change of the refractive index of the hydrogel film 
from nh=1.345 to nh=1.350, reprinted from (125). 

The HOWS is a powerful tool for investigating the properties of the hydrogel layers, such as 

refractive index, thickness, and swelling ratio. Moreover, it provides means to employ hydrogel as a 

sensing element to observe molecular interactions. Notably, the excitation of the HW mode with a 

narrow resonant dip offers an order of magnitude better resolution of the refractive index 

measurements than a standard SP mode. In addition, the 3-D hydrogel matrix provided a 5-fold lower 

limit of detection of IgG molecules than the conventional SPR using a 2-D self-assembled monolayer in 

the model immunoassay. Even higher enhancement can possibly be achieved with molecules smaller 

than IgG that can rapidly diffuse inside the hydrogel matrix (125). 

1.6. APTAMERS 

The aptamer is a synthetic single-stranded DNA or RNA oligonucleotide that can recognize and 

specifically bind to a chosen molecular target with a high affinity. Therefore, it can serve as a 

biomolecular recognition element of the SPR sensor. The unique oligonucleotide sequence of the 

aptamer can be identified in an in vitro selection and amplification process called SELEX (Systematic 

Evolution of Ligands by Exponential Enrichment) that was introduced independently by two groups: 

Ellington and Szostak (129) and Tuerk and Gold (130) in 1990. The target can be virtually any organic or 

inorganic compound (dye, drug, vitamin) or a larger biomolecule, e.g., nucleic acid, peptide, protein, or 

whole cell. Aptamers bind their targets by adopting three-dimensional structures, e.g., loops, hairpins, 
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triplexes, and quadruplexes, creating unique interfaces for strong interaction with the target by 

structural compatibility, hydrogen bonding, and electrostatic and van der Walls interactions. The 

aptamer selection process starts with generating a pool of ~1015 fully or partially randomized nucleic 

acid sequences. Each sequence has a fixed length of n nucleotides flanked by constant regions in 5’ and 

3’ ends. These regions serve as primers in the polymerase chain reaction (PCR) (and reverse 

transcriptase (RT)-PCR in case of RNA libraries) that is used to create multiple copies of each sequence 

in the amplification step. The library is incubated at elevated temperature and then slowly cool down 

to achieve conformational equilibration of single-stranded oligonucleotides folded into three-

dimensional structures. Then, the prepared pool of oligonucleotides is incubated with the immobilized 

target molecule on an affinity chromatography column or paramagnetic beads to allow the 

oligonucleotides to interact with the target. The unbound sequences are washed away from the column, 

leaving behind the oligonucleotides that specifically interacted with the target. These specific sequences 

are eluted from the column using denaturing conditions, causing the loss of binding conformation and 

detaching from the target molecule. These oligonucleotides are again amplified by PCR and used in the 

next cycle of SELEX until the oligonucleotide with the highest affinity will be finally selected and 

sequenced (Figure 25). 

The rounds of SELEX are systematically repeated until about 100% of the library will be bound to the 

immobilized target. Although the SELEX technology aims to select a specific and high-affinity aptamer 

candidate, it is a lengthy and laborious process that can take several weeks. Besides, SELEX is susceptible 

to failure due to incomplete library, retention of the nonspecific binders, accumulation of the 

amplification artifacts, and inadequate selection conditions. To overcome these limitations and speed 

up the selection of target-specific aptamers, substantial improvements (131) or alternative platforms 

were introduced, such as High-Fidelity SELEX (132) and computational modeling approaches (133). Also, 

different chemical variants of the libraries are now available such as modified nucleotides (134), locked 

nucleic acid aptamers (135), and peptide aptamers (136) to improve the stability, enhance the 

resistance to nucleases and expand the chemical properties. 
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Figure 25. Process of Systematic Evolution of Ligands by Exponential Enrichment (SELEX), reprinted from (137). 

Depending on the application, the potencies of aptamers can vary from a subnanomolar to a micromolar 

range. The high binding affinities enabled the use of aptamers as a substitute for the antibodies. Yet, 

aptamers offer advantages over antibodies such as smaller size, good stability throughout a wide range 

of temperatures and pH, low immunogenicity, and ease of production. Once selected for a specific 

target, the sequence can be chemically synthesized and modified with functional groups on a 

commercial basis. The comparison of aptamers and antibodies is presented in Table 3. Aptamers found 

multiple applications as therapeutics, delivery vectors in targeted therapies, and diagnostics and 

analytical tools, e.g., purification, bioimaging, and biosensors (138). 

Table 3. Comparison of aptamers and antibodies (reprinted from (53)). 

Aptamers Antibodies 

Selection 

SELEX:  

In vitro  

Any target (~ 50% success)  

In vitro conditions  

Cellular immune response in animal host:  

In vivo  

Non-toxic, immunogenic target  

Physiologic conditions  

Production 

Chemical solid-phase synthesis:  

Scalable 

Immune response in animal host: 

Low amount 
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Cost-effective 

Reproducible 

No batch-to-batch variation 

Non-contaminated 

Easy to add functionalities 

Expensive 

Batch-to-batch variation 

Impurities 

Difficult to add functionalities 

 

Properties 

High affinity 

High specificity 

Non-immunogenic 

Intra- and extracellular action 

Small size  

Flexible 

Stability (pH, temperature) 

Reversible denaturation 

Nuclease degradation 

Long shelf-life 

High affinity 

High specificity 

Immunogenic 

Extracellular action 

Large size 

Non-flexible 

Sensitive to conditions 

Irreversible denaturation 

 

1.6.1  Aptamers for detection of thrombin  

The fact that thrombin constitutes a common factor in both pathways keeping the delicate balance 

between clot formation and bleeding predispose it as a molecule of particular interest in controlling the 

hemostasis. However, thrombin-receptor binding might trigger clotting of the sample and subsequent 

fouling of the sensor. For this reason, the biorecognition element used in the biosensing of thrombin 

has to be carefully chosen. It should not only bind to thrombin but also block its coagulation activity. For 

this purpose, aptamers are well-suited candidates. Thrombin harbors two spatially separated binding 

pockets, which can be efficiently blocked by optimized HD1 (139) and HD22 (140) DNA aptamer 

sequences. HD1 aptamer binds to exosite I of thrombin and blocks the cleavage of fibrinogen to 

fibrinopeptides and subsequent formation of fibrin network as well as thrombin-induced aggregation of 

platelets. HD22 aptamer is specific to exosite II and inhibits the activation of factors V/VIII. The DNA 

sequence of the aptamer can be manipulated through a custom order to obtain functional groups that 

mediate attachment to a solid surface (e.g., aptamer+spacer+thiol to bind gold). These features of 

aptamers provide means for successful use in SPR-based detection of thrombin, including the sandwich 

format of the assay. 
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2. RESEARCH GOAL AND THE OUTLINE OF THE THESIS 

 

The general research goal of this study encompasses the development of a plasmonic biosensor 

device that allows for rapid and sensitive detection of thrombin in human blood and plasma for timing 

medical diagnostics and tailored treatment. This aim was realized through the following specific tasks: 

1. Optimization of the detection assay 

2. Fabrication of the plasmonic nanostructures for faster and sensitive detection 

3. Testing biocompatible materials for sensor coating 

4. Compact reader implementation 

 

Each task was accomplished and described in the published manuscripts that constitute the basis for 

the “Results” section of this thesis: 

1. Kotlarek D, Curti F, Vorobii M, Corradini R, Careri M, Knoll W, Rodriguez-Emmenegger C, 

Dostalek J, "Surface plasmon resonance-based aptasensor for direct monitoring of thrombin in 

a minimally processed human blood." Sensors and Actuators B: Chemical 320 (2020): 128380 

2. Kotlarek D, Fossati S, Venugopalan P, Gisbert Quilis N, Slaby J, Homola J, Lequeux M, Amiard F, 

Lamy de la Chapelle M, Jonas U and Dostalek J, "Actuated plasmonic nanohole arrays for 

sensing and optical spectroscopy applications." Nanoscale 12.17 (2020): 9756-9768. 

3. Kotlarek D, Liu K, Gisbert Quilis N, Bernhagen D, Timmerman P, Kouwer P, Dostalek J, "Thin-Film 

Polyisocyanide-Based Hydrogels for Affinity Biosensors." The Journal of Physical Chemistry 

C (2021). 

4. Kotlarek D, Vorobii M, Ogieglo W, Knoll W, Rodriguez-Emmenegger C, Dostalek J, "Compact 

grating-coupled biosensor for the analysis of thrombin." ACS sensors 4.8 (2019): 2109-2116. 

 
The first subsection, “Optimization of the detection assay” (Publication 1), is devoted to the 

validation process of aptamer affinities upon their incorporation onto two distinct surface architectures: 

SAM of alkanethiols and polymer brushes by using SPR setup with a prism coupler in Kretschmann 

configuration. Further, the aptamers were tested for their activity against the thrombin proenzyme 

(prothrombin) as it can potentially be a source of a false positive detection signal. Finally, the operation 

of the sensors based on SAM of alkanethiols and polymer brushes was demonstrated in the biological 

sample of human blood and compared to the detection of thrombin in the spiked buffer solutions. 

The next part, entitled “Fabrication of plasmonic nanostructures for faster and sensitive detection” 

(Publication 2), focuses on a novel sensor architecture that is based on the metallic nanohole arrays 

(NHA) combined with a thermo-responsive hydrogel. This work was motivated by the possibility of 

https://www.sciencedirect.com/science/article/abs/pii/S0925400520307255
https://pubs.rsc.org/en/content/articlehtml/2020/nr/d0nr00761g
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sensor miniaturization by using a nanostructured gold layer and a simplified detection system based on 

the detection of the transmitted light instead of using bulky sensors mounted on the prism coupler. 

Furthermore, the implementation of the hydrogel layer served for tuning of distinct plasmonic modes 

and as a sample reservoir. 

The following subsection, “Testing biocompatible materials for sensor coating” (Publication 3), is 

dedicated to the investigation of a new type of hydrogel based on polyisocyanide (PIC). Due to its unique 

properties like gelation at around room temperature and stress-stiffening featuring by natural polymers, 

PIC constitutes a new class of biomimetic and fully synthetic polymers with potential applications in the 

field of sensing. Notably, a complete solubility in water and the temperature-induced gelation of the 

polymer constitutes much milder conditions for encapsulation of the biorecognition elements in the 3D 

matrices compared to, e.g., UV-crosslinkable pNIPAAm. In this study, the PIC polymer was implemented 

for the first time as a sensor coating and affinity binding matrix, and its optical, physiochemical, and 

anti-fouling properties were tested using the SPR instrument. 

Finally, a complete and portable device for detecting thrombin in undiluted human blood plasma is 

presented in the last part of this chapter, “Compact reader implementation” (Publication 4). The 

developed detection system draws from the anti-fouling surface architecture based on polymer brushes 

and a simplified detection system based on grating-coupled SPR. This sensor setup constitutes the first 

step towards a point-of-care device for thrombin monitoring outside the specialized laboratories. 

 

  

https://pubs.acs.org/doi/abs/10.1021/acs.jpcc.1c02489
https://pubs.acs.org/doi/abs/10.1021/acssensors.9b00827?casa_token=c4hi1_lfOI0AAAAA:jKdWmw3C3Qy6pgDIaZ0WihrpUQjFRr2VAfCLz3qU4ZMxjsKP5iyrE3S4zKkzCKNo-F7bW6gZx31lQhmWlg
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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 deployment of this technology to everyday clinical practice. We 

addressed this challenge by designing a 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 photo-induced 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 performance when incorporated into the polymer brushes were measured. 
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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 has been demonstrated for label-free analysis of biomarkers in minimally 

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

constitutes a basis for future affinity biosensor applications suitable for 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 

 

HIGHLIGHTS 

• Antifouling polymer brushes with incorporated aptamer ligands specific to thrombin 

• Changes in the affinity interaction of three established aptamers on thiol SAM and polymer 

brushes architectures investigated  

• Superior antifouling properties of functionalized brushes compared to SAM beneficial for direct 

label-free surface plasmon resonance detection principle 

• Direct rapid detection of thrombin in 10% human blood at clinically relevant concentrations in 

15 min 

 

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 hemorrhages. New biosensor technologies for rapid analysis of thrombin constitute a promising 

tool to prevent 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]. 
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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 

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 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 
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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.  The importance of biointerface engineering and cross-reactivity of the used aptamers with 

abundant proteins present in the blood (HSA, IgG, and prothrombin) is demonstrated 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 a 

manner. 

 

Materials and methods 

Materials and reagents 

Thrombin aptamers were custom synthesized by Integrated D   NA 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). 
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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 (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 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). 

 

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 photo-induced single-electron transfer living radical polymerization (SET-
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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 = 65 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. 

 

 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 sensor chips 

with the polymer brushes (the increased refractive index of the brushes shifted the SPR 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 
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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). 

 

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 buffer (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 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. 

 

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 
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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. 

 

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. 

 

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. 
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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. 

 

Results and discussion 

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-
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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 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 to reach 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 access 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 
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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). 

 

 

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 
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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 aptamer were not 

possible to accurately determine from the acquired data, and only equilibrium dissociation constant of 

Kd <5 nM could be estimated for HD1 and HD22 aptamers (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. 

 

 

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. 

 

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 SPR. These include human serum 

albumin (HSA), human immunoglobulin G (hIgG), and prothrombin. In the blood of healthy donors, HSA 
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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 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 of thrombin direct assay with HD1 and HD22 aptamers 

through the affinity binding to HSA, hIgG, and prothrombin and thiol-OEG-OH/biotin SAM was 

employed. The SPR kinetics data presented in Fig. 3a and Fig. 3b reveals measurable affinity interaction 

of prothrombin with HD1 aptamer and no specific interaction for HD22 aptamer at prothrombin 

concentrations below 100 nM, respectively. The SPR signal change ΔR measured after 5 min rinsing of 
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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 

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. 

 

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 

minutes, 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.  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-
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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 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. 
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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 

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-
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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=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 22.5 ± 10.4 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 that 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 potential 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. 
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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 10-7 level [43] are 

available and potentially applicable with the reported sensor chip biointerface architecture. 

 

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 immobilizing a 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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Supporting information 

Simulations of SPR changes for surface mass density determination  

Surface mass density of Γ = 4.2 ng·mm-2 was obtained for a full packed monolayer of thrombin captured 

by paramers dp = 5 nm, np = 1.50 and ns = 1.33. For the short distance of such layer from the gold sensor 

surface of 3 nm (assumed for thiol-OEG SAM dSAM = 3 nm, nSAM = 1.46](141)) the respective shift in the 

SPR dip of Δθ = 0.95 deg was determined for the probing SPR wavelength of 633 nm by using Fresnel 

reflectivity model (implemented in the tool Wasplas, Max Planck Institute for Polymer Research in 

Mainz, Germany). For the longer distance of 42 nm corresponding to the thickness the brush 

architecture (dbrush = 42 nm, nbrush = 1.42, Figure S1), smaller shift of SPR angle of Δθ = 0.75 deg was 

simulated. The bulk refractive index sensitivity for these two geometries was determined as Sb = 116.6 

deg RIU-1 for the thiol-OEG SAM and Sb = 81 deg RIU-1 poly(HPMA-co-CBMAA) brush system, 

respectively. The sensor response described in bulk refractive index changes RIU is equal to δR=Δθ/Sb 

enabling to obtain the conversion factor as Γ / δR= Γ / Sb · Δθ. 

 

Ellipsometry measurements of diblock polymer brush 

The thickness and refractive index of the dry and swollen film of poly(HPMA-co-CBMAA)  brushes was 

determined in the ellipsometry measurement by using a spectroscopic ellipsometer M2000 

(J.A.Woollam Co., USA) operated in a rotating compensator mode. The measurements were performed 

at room temperature with a Xe-arc lamp at angles of incidence 65, 70 and 75° and wavelength range 



71 
 
 

350–1000 nm. The thickness and refractive index of the polymer brushes were determined by fitting 

the data to the transparent Cauchy-type optical dispersion model in a CompleteEASE software (Figure 

S1). 

 

Figure S1 A thickness and a refractive index of the polymer brushes determined for the swollen brush layer.  

 

Comparison of the sensitivity and resolution of the sensor carrying thiol-OEG or polymer brush interface 

The instrument sensitivity S=43.1 vs. S=23.4 RIU-1 and the refractive index resolution 2 × 10-5 RIU vs. 

1.4 × 10-5 RIU was evaluated from the refractometric experiment with sucrose for the SPR sensor chips 

that were modified with thiol-OEG SAM vs. poly(HPMA-co-CBMAA) brushes, respectively (Figure. S2). 

The apparent decrease of the sensitivity and resolution upon synthesis of the polymer brushes can be 

related to their layer thickness (~ 42 nm in comparison to ~ 3 nm of thiol-OEG SAM ) and the decay of 

the evanescent field of surface plasmons with the distance from the surface (Lp ~ 100 nm).  

 

Figure S2 The sensorgram showing SPR signal to 1, 2 and 4% sucrose solutions by using SPR chip coated with thiol-
OEG SAM (red) and SPR chip modified with poly(HPMA-co-CBMAA) brushes (blue). 
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Model for binding kinetics 

The global analysis of the kinetic parameters of thrombin – aptamer interaction was performed in Prism 

8 (GraphPad Software) by using nonlinear regression method of the “association than dissociation” 

function implemented in the program following  the definition: 

Radioligand=HotNM*10-9 

Kob=[Radioligand] * Kon+Koff 
Kd=Koff/Kon 
Eq=Bmax*radioligand/(radioligand + Kd) 
Association=Eq*(1-exp(-1*Kob*X)) 
YatTime0 = Eq*(1-exp(-1*Kob*Time0)) 
Dissociation= YatTime0*exp(-1*Koff*(X-Time0)) 
Y=IF(X<Time0, Association, Dissociation) + NS 
Set parameters: 
HotNM (concentration of thrombin in nM) constant equal to = 5; 10; 15; 20; 35; 50; 100 or 500 nM 
Time0 (time at which dissociation was initiated) constant equal to = 30 for HD1 and HD22 or 60 min for 
HD1 short 
kon = must be greater than 0 
koff = must be greater than 0 
Bmax = must be less than 1000 μRIU (1000 RU) 
NS (nonspecific binding) = constant equal 0 
 

Immobilization of thrombin aptamers 

 

Figure S3 Sensorgrams showing immobilization of thrombin aptamers on a) thiol-OEG SAM and b) poly(HPMA-co-
CBMAA) brushes.  
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3.2. FABRICATION OF PLASMONIC NANOSTRUCTURES FOR FASTER 

AND SENSITIVE DETECTION 

Actuated Plasmonic Nanohole Arrays for Sensing and Optical Spectroscopy Applications 
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ABSTRACT 

We report on new approach to rapidly actuate plasmonic characteristics of thin gold film perforated 

with nanohole arrays that are coupled with arrays of gold nanoparticles. The near-field interaction 

between localized and propagating surface plasmon modes supported by the structure is actively 

modulated by changing the distance between nanoholes and nanoparticles and by variations in 

refractive index symmetry of the structure. It is utilized by the use of thin responsive hydrogel cushion 

that is allowed to swell and collapse by a temperature stimulus. A detailed experimental study of 

changes and interplay of localized and propagating surface plasmons is complemented by numerical 

simulations. We demonstrate that the interrogation of resonant optical excitation to these modes 

allows for the label-free SPR observation of binding of biomolecules and that it is applicable for in situ 

SERS studies of low molecular weight molecules attached in the gap between nanoholes and 

nanoparticles. 
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Introduction 

Metallic nanohole arrays (NHA) attracted increasing attention after the Ebbesen’s observation of 

extraordinary optical transmission1 that is assigned to surface plasmon-mediated light tunneling 

through periodically arranged subwavelength pores. Since then, NHA structures found their use in 

diverse application areas including optical filters,2,3 amplification of weak spectroscopy signals such as 

fluorescence4,5 and Raman scattering,6,7,8,9 in second-harmonic generation,10 and particularly in sensing. 

Up to date, NHA-based sensors were utilized for the direct optical probing of proteins,11,12–14 

exosomes,15 viruses,16,17 bacteria,18 and even cancer cells19,20 and organelles.21 Moreover, NHA enabled 

studies on lipid membranes that span over the holes22 and allow for the facile incorporation of 

membrane proteins for interaction studies with drug candidates.16,23  

NHA structures enable to strongly confine electromagnetic field inside the subwavelength nanoholes24 

due to the excitation of two types of surface plasmon modes: propagating surface plasmons (PSPs that 

are also referred as to surface plasmon polaritons) traveling along the metal surface and localized 

surface plasmons (LSPs) that occur at the sharp edges of the holes.  The coupling to these modes can 

be tailored for specific purposes by controlling the structure geometry including hole shape, diameter, 

and lateral periodic or quasi-periodic spacing.25 In addition, a more complex spectrum of supported 

plasmonic modes can be utilized by the coupling complementary geometries that support LSP modes 

at similar wavelengths based on the Babinet’s principle.26 When NHA geometry is combined with the 

complementary metallic nanoparticles (NP) arrays, additional LSP resonance is introduced and it can 

near-field couple with the NHA.27 Moreover, NHA structures that comprise stacks of perforated metallic 

films28 and NHA+NP structure with a defined lateral offset of NPs with respect to the nanohole center29 

were investigated.  Such perturbation of symmetry was shown to allow for turning LSP with dark mode 

characteristics to bright LSP mode30 and thus providing means for decreased damping. It is worth of 

noting that also arranging the metallic nanoholes and nanoparticles in periodic arrays allows to decrease 

damping of plasmonic modes by their diffraction coupling through forming so called surface lattice 

resonances.31 

Perforated metal layer structures with NHA have been recently prepared by a range of lithography 

processes. In top-down approaches, a variety of geometries become accessible using focused ion beam 

milling (FIB) or electron beam lithography (EBL).32,33 Nanoimprint lithography and template stripping34 

were used to partially alleviate the limited throughput of EBL and FIB by the replication of NHA structure 

from pre-fabricated templates. Alternatively, NHAs were also prepared using bottom-up approaches, 

mostly relying on the colloid particle self-organization.35 Using sub-monolayer surface coverage of 

colloids, the colloid particles were used as a mask for the preparation of sparse and disordered 

nanoholes while dense monolayers of colloids were employed to create ordered arrays of 
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nanoholes.28,29,36 This approach allows the control of the pattern period Λ by the size of colloid particles 

and the hole diameter D can be independently adjusted by using an isotropic etching of the assembled 

particles before the metal deposition. The technique was further extended for the preparation of 

nanoholes on cavities37 and there was also adopted a lift-off approach of the NHA membrane for its 

subsequent transfer to more complex structures with multiple stacked patterned metallic layers.28 

Typically, NHAs used for sensing applications are prepared by stripping-based techniques or by 

lithographic methods directly on non-permeable solid support which is loaded to a microfluidic 

device.38,39 Analyzed liquid sample is then flowed over the perforated NHA surface with closed-ended 

pores where the liquid flow velocity is equal to zero and, consequently, the transport of molecules to 

and inside the pores is dominantly driven by slow diffusion.40,41 To overcome this limitation, a flow-

through assay format, in which the analyte solution is transported internally across the nanoporous film, 

was pursued.8,16,41,42 However, these works typically rely on NHA structure prepared on thin nitride 

membranes that requires multiple lithography steps and complicates the utilization of sensing 

experiments. 

This work reports on a new type of NHA+NP structure that is supported by a thermo-responsive 

hydrogel cushion. It is made from an N-isopropylacrylamide hydrogel material that can expand and 

contract in an aqueous environment thereby actuating the plasmonic properties of metallic 

nanostructures.43–45 In the reported architecture, the hydrogel cushion accommodates arrays of gold 

NPs, which are located below the NHA and their mutual distance g can be on demand actuated (Figure 

1). 

 

Figure 1. a) Schematics of plasmonic nanostructure composed of periodic nanohole arrays (NHA) coupled with 
arrays of nanoparticles (NP) by the use of responsive hydrogel cushion implemented by materials with chemical 
structure shown in b). 
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Herein, we investigate the spectrum of supported PSP and LSP modes and their actuating by 

temperature-induced reversible swelling and collapsing of hydrogel cushion. In addition, the hydrogel 

can serve as a three-dimensional binding matrix for the immobilization of biofunctional molecules and 

the applicability of the structure for SPR (surface plasmon resonance) and SERS (surface-enhanced 

Raman scattering) detection is demonstrated with the use of plasmonic modes that probe the open 

pores, through which aqueous samples can be actively flowed. 

 

Results and Discussion 

We developed a method to prepare the nanostructure geometry that combines thin gold film 

perforated with NHA and arrays of gold NP that are suspended in a thin layer of poly(N-isopropyl 

acrylamide) (pNIPAAm) - based hydrogel. It serves as a responsive cushion which responds to 

temperature changes as pNIPAAm exhibits lower critical solution temperature (LCST) of 32 ˚C. Below its 

LCST it is hydrophilic and contains large amounts of water in its polymer network structure. When 

increasing temperature above the LCST, it abruptly collapses by expelling water. In the used geometry 

(Figure 1a), the pNIPAAm-based hydrogel cushion was allowed to swell and collapse by diffusion of 

water through the NHA pores and its volume changes were utilized for active control of a distance g 

between the NHA and the NP. In addition, the hydrogel was made from a terpolymer that carries 

pendant groups attached to its backbone enabling its post-modification with biofunctional molecules 

(Figure 1b) for the application in optical spectroscopy and biosensors.46 It is worth noting that this 

thermo-responsive hydrogel cushion allows for controlled opening and closing of the nanohole arrays 

pores and that switching to the open state is accompanied by rapid diffusion of water that drags 

contained biomolecules through the pores where a plasmonic hotspot occurs. The spectrum of 

plasmonic modes probing the pores of the structure and their near field coupling is detailly investigated 

as follows.  

 

Preparation of NHA+NP structure with hydrogel cushion 

The NHA+NP structure featuring actively tunable plasmonic properties has been prepared by a 

combination of UV nanoimprint lithography (UV-NIL) and template-stripping (Figure 2a). Arrays of 

nanopillars cast to transparent Ormostamp material were used as a template. AFM observation of the 

structure topography showed that the arrays of nanopillars exhibited a diameter of D=100 nm, their 

height was of 100 nm, and they were arranged in rectangular arrays with a period set to Λ=460 nm 

(Figure 2b). 
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Figure 2. a) Schematics of the preparation steps of the investigated NHA+NP nanostructure, b) AFM image of 
template with arrays of nanopillars cast to Ormostamp, c) SEM image after coating of the template with 50 nm 
thick gold layer, d) AFM image of the topography of stripped surface with gold NHA, and d) SEM image of a broken 
edge of the NHA+NP structure tethered to a solid surface via the responsive pNIPAAm-based polymer. All scale 
bars are 1 µm in length. 

Arrays of OrmoStamp nanopillars were then activated by UV-ozone treatment and modified with 

perfluoro-silane by using vapor deposition in order to reduce their surface energy. Subsequently, the 

nanopillars with a perfluoro-silane anti-adhesive layer were coated by a gold layer with a thickness of 

h=50 nm. SEM observation (presented in Figure 2c) reveals that the gold deposition led to the formation 

of a continuous layer which is protruded by the nanopillars and their top is capped by gold that is not 

connected to the bottom continuous gold layer. Afterward, the outer gold surface was modified by a 

self-assembled monolayer of photo-active benzophenone-disulfide and subsequently coated with the 

pNIPAAm-based terpolymer layer. This terpolymer carries the same photo-reactive benzophenone 

groups at its backbone (see Figure 1b) and upon the irradiation with UV light these chains were 

simultaneously covalently crosslinked and attached to the gold via the benzophenone-disulfide linker. 
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Then, the outer surface of the crosslinked pNIPAAm-based polymer was pressed against a glass 

substrate with a soft adhesive layer (Ostemer resin pre-cured with UV light) that was afterwards 

thermally cured overnight at a temperature of 50°C. Finally, the assembly was stripped at the 

Ormostamp – gold interface (treated with anti-adhesive layer) in order to yield a structure with a thin 

gold film perforated by NHA that are attached to pNIPAAm-based crosslinked polymer networks and 

comprise underneath embedded gold NPs spatially separated from the perforated continuous gold film. 

The AFM topography image in Figure 2d shows that the pores exhibit the same diameter D as the 

nanopillars and SEM image of an edge of the structure in Figure 2e confirms that below the NHA there 

are present arrays of gold NPs (that were stripped from the top of OrmoStamp pillars). It is worth noting 

that the distortions of the surface that are visible in Figure 2e are a result of breaking the sample to 

obtain the cross-section image. 

 

Figure 3. Measured dependence of wavelength transmission spectra on angle of incidence θ for NHA+NP structure 
in contact with a) air (ns=1, nh=1.48), b) for the collapsed state of the pNIPAAm-based cushion that is in contact 
with water at T=40 °C (ns=1.33, nh=1.48), and c) for the swollen state of pNIPAAm cushion in water at T=22 °C 
(ns=1.33, nh=1.37). d) Comparison of wavelength transmission spectra for θ and NHA+NP structure in contact with 
water with varied temperature T. The transmission spectra were normalized with those measured for flat structure 
not perforated Au film. 
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Optical observation of plasmonic modes 

The spectrum of LSP and PSP modes supported by the prepared nanostructure was investigated with 

the use of optical transmission measurements. In order to distinguish between diffraction coupling to 

dispersive PSP modes (traveling along the gold film) and non-dispersive LSP resonances (supported by 

the pores in NHA+NP nanostructure), transmission spectra were measured by a collimated beam 

impinging at the NHA+NP structure at angles between θ=0 to 25 deg. The transmitted beam emitted 

from halogen light bulb was then analyzed with a spectrometer in wavelength range of λ=500-850 nm. 

Firstly, the wavelength-angular dependence of transmission was measured for a structure that was dry 

and in contact with air (with refractive index of ns=1). As presented in Figure 3a, the acquired spectrum 

shows that the excitation of non-dispersive resonance is manifested as a dip in centered at a wavelength 

of λA=600 nm. Moreover, additional dispersive mode occurs and its excitation is associated with a dip in 

the transmission spectrum at λC
d=750 nm that splits when the angle of incidence θ deviates from zero. 

Secondly, the structure was clamped to a flow-cell and water (with refractive index of ns=1.33) was 

flowed over its surface that was kept at a temperature of T=40°C. This temperature is above the LCST 

of pNIPAAm and thus this material exhibits hydrophobic properties preventing diffusion of water into 

polymer networks through the NHA pores. As refractive index of the dielectric above the structure ns 

increases, a new dispersive dip resonance centered at a wavelength of λB
d=650 nm appears while the 

resonance features λA and λC
d do not change (Figure 3b). 
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Figure 4. Simulations-based investigation of the spectrum of supported plasmonic modes: the absorption spectra 
were obtained for normally incident beam at a) structure with a thin gold film perforated with arrays of nanoholes 
(NHA), with arrays of cylindrical nanoparticle (NP), and for the combined geometry (NHA+NP) with superstrate 
refractive indices ns=1 1.33 and substrate refractive index nh=1.47.  b) The absorption spectrum simulated for the 
NHA+NP geometry for superstrate refractive indices ns=1 and 1.33. The substrate refractive index was of nh=1.47, 
gap distance between NP and NHA was of g=50 nm, period of Λ=460 nm, diameter averaged between D=100-120 
nm, and the height of h=50 nm. The cross-section of spatial distribution of the electric field amplitude was 
simulated for the plasmonic modes as indicated in the inset. 

Thirdly, the structure in contact with water was cooled to T=22 °C, which is below the pNIPAAm LCST. 

Then, there occurred a strong blueshift of λA and λC
d resonances in the transmission spectrum and also 

much weaker spectral shift of λB
d accompanied with a decreased coupling efficiency at this wavelength 

(Figure 3c). These observation indicates that the resonances at λA and λC
d are associated with the 

coupling to surface plasmon modes that confine electromagnetic field at the inner side of the structure 

in contact with the pNIPAAm-based hydrogel (with refractive index of nh=1.47 at T=22 ˚C and nh=1.37 

at T=40 ˚C, see supporting information Figure S1). The resonance λB
d probes the upper part of the 

structure in contact with the water (ns=1.33) that changes its refractive index with temperature much 

less than pNIPAAm. As the resonances at λB
d

 and λC are dispersive, they can be attributed to PSP modes 

travelling at the upper or bottom god interface of gold film, respectively. The non-dispersive nature of 

λA resonance indicates it can be ascribed to LSP mode. 

More detailed dependence of transmission spectra on temperature T was measured for the normal 

angle of incidence θ=0 (Figure 3d). These spectra were measured by with a different lightsource 

(supercontinuum laser) in order to extend the wavelength range to 900 nm and it allowed us to observe 

additional feature that manifests itself as a transmission peak at λC
p=810 nm. Moreover, it shows more 

clearly that close to λB
d there appears a peak at a wavelength λB

p. It is worth to note that measured 

transmission spectra were normalized with those obtained for flat 50 nm thick gold film that exhibit 

rapidly decreasing transmission with wavelength in the red and near infrared part of spectrum. 

Therefore, the measurement of absolute values of transmission was not possible and only relative 

values are presented.   
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Figure 5. Simulated absorption spectra for the structure NHA+NP for varied a) refractive index of substrate nh and 
b) distance g between NHA and NP. From these spectra, the spectral shift of three resonant features are 
determined for changes c) in nh and d) in g. The superstrate refractive index was set to ns=1.33, the substrate 
refractive index for b) and d) was of nh=1.47, gap distance between NP and NHA for a) and c) was set as g=50 nm, 
period was Λ=460 nm, diameter averaged between D=100-120 nm, height h=50 nm. 

 

Identification of plasmonic modes aided by simulations 

The observed five resonant features experimentally observed in transmission spectra were identified by 

using numerical finite difference time domain (FDTD) simulations. This model was employed for the 

calculation of absorption wavelength spectra and near-field distribution of electromagnetic field 

occurring in the structure upon a plane wave is normally impinging at its surface. The simulations of 

absorption spectra allowed us distinguishing between the excitation of LSP and PSP modes (that is 

accompanied with damping) from other features occurring in transmission spectrum that are related to 

interference between multiple specular and non-specular diffracted beams and their falling after the 

horizon in the superstrate or substrate. As shown in Figure 4a (blue curve), we firstly analyzed a 

structure composed of only arrays of cylindrically shaped nanoparticles – NPs (with a height of h=50 nm, 

diameter averaged over D=100-120 nm, and period of Λ=460 nm) embedded between dielectrics with 
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the refractive indices nh=1.47 and ns=1.33. The simulated spectrum reveals that the resonance 

associated with the coupling to LSP on arrays of NPs is manifested as a strong absorption peak at a 

wavelength of about 707 nm. The complementary NHA structure was composed of a 50 nm thick gold 

film that is perforated with arrays of cylindrical nanoholes exhibiting the same diameter D and that is 

sandwiched between same dielectrics with refractive indices nh=1.47 and ns=1.33. The absorption 

spectrum in Figure 4a (red curve) shows three resonances occurring at wavelengths of λA=630 nm, 

λB=676 nm, and λC=774 nm. At these wavelengths, the near-field distribution of electric field amplitude 

|E| (normalized with that of the incidence plane wave |E0|) was simulated as can be found in the right 

part of Figure 4a. These plots reveal that the resonance at wavelength λA exhibit characteristics of 

dipolar LSP mode that confines the field inside the nanohole. The resonance at a longer wavelength λB 

exhibits a more delocalized field profile on the top interface of the gold film with the superstrate ns=1.33 

which confirms it is due to first-order diffraction coupling to traveling PSP mode at this surface. The 

resonance at NIR wavelength λC is accompanied with the confinement of the electric field intensity at 

the bottom gold layer interface with the dielectric nh=1.47, which peaks at the mouth of the pore and 

its distribution suggests the main origin lays in the first-order diffraction coupling to PSPs traveling along 

the bottom gold film interface. Let us note that these simulations were carried out for the mouth of 

nanopores filled by a dielectric with refractive index ns, as the fabrication procedure involving stripping 

from arrays of nanopillars suggests this geometry (see Figure 2a). 

The simulations in Figure 4b (brown curve) reveal that the short wavelength resonance is blue-shifted 

to λA=621 nm, the middle resonance is blue-shifted to λA=672 nm, and the long-wavelength resonance 

is red-shifted to λC=813 nm after the coupling of the nanohole arrays with the cylindrical nanoparticle 

arrays (NHA+NP). In these simulations, the gap distance between the bottom edge of the nanopore and 

the upper surface of the cylindrically shaped nanoparticle was set to g=50 nm, which corresponds to 

the difference between the nanopillar height of 100 nm and the thickness of the gold layer of h=50 nm 

(see Figure 1 and 2). When the refractive index of the superstrate is decreased from ns=1.33 

(representing water) to ns=1 (representing air), the middle-wavelength resonance vanishes, see Figure 

4b (green curve). This observation agrees with the measurements presented in Figure 3 and it confirms 

that the middle resonance occurs due to the first-order diffractive coupling the PSP mode at the outer 

gold layer surface, which is most sensitive to variations in refractive index on the upper interface 

(superstrate ns). In addition, such a refractive index decrease leads to a slight blue shift in λA and λC as 

the field distribution corresponding to these resonances also partially probe the dielectric ns. The spatial 

profile of the near field-enhanced electric field amplitude in the right part of Figure 4b shows that the 

presence of gold disk nanoparticles slightly perturbs the nanohole LSP resonance at λA as the field is 

dragged to the bottom part of the disk nanoparticle. The resonance at λB due to the PSPs traveling on 
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the top interface only weakly couples with the disk nanoparticle, contrary to the bottom PSP mode λC 

that exhibits field distribution much stronger confined in the gap. 

Interestingly, the performed simulations predict that only three plasmonic modes are supported in the 

investigated wavelength range (Figure 4b, brown curve) when the geometry of NHA (with three 

plasmonic modes, black curve Figure 4a) and NP arrays (with one mode, blue curve in Figure 4a) are 

combined in order to yield the experimentally investigated structure NHA+NP. However, we identified 

five features in the experimental transmission data presented Figure 3 which is more than the number 

of predicted plasmonic modes. The discrepancy between the simulated absorption spectra and 

experimentally measured specular transmission can be explained by a Fano resonance shape of the two 

measured transmission features. The middle wavelength peak at λB
p and dip at λB

d can be attributed to 

the excitation of a single PSP mode at the interface of the structure with superstrate ns and its 

asymmetric can be ascribed to an interference with additional waves generated by the structure in a 

broader wavelength range (previously observed for related plasmonic nanostructure by simulations3). 

Similarly, the long wavelength peak at λC
p and dip at λC

d can be attributed to the excitation of a PSP mode 

at the opposite interface of the structure with superstrate nh. 

In the next step, we performed more detailed simulations in order to reveal the spectral detuning of the 

resonances by the refractive index changes of the bottom dielectric nh and the distance g between the 

gold NPs and NHA. These simulations represent the expected effect of the swelling and collapsing of the 

pNIPAAm-based hydrogel cushion. In general, the increased swelling is assumed to be accompanied 

with a prolongation of the distance g, a decreased polymer volume content and consequent decrease 

in the refractive index nh. Figures 5a and b show the results for the refractive index nh gradually 

increasing from 1.38 to 1.46 and the distance g varied between 50 and 100 nm, respectively. The 

increase in the substrate refractive index nh leads to a redshift of all three resonances (Figure 5a) in line 

with the experimental data presented in Figure 3d. For small changes in refractive index, the variations 

in the resonant wavelengths can be assumed linear and the determined refractive index sensitivity of 

δλB/δnh=190 nm/RIU and δλC/δnh=390 nm/RIU were obtained from simulated data. These values are in 

the range reported for another SPR sensor configuration that utilizes grating coupling to PSP modes.47 

The lower sensitivity of δλA/δnh=90 nm/RIU for the LSP mode is also in accordance to the previous 

observations on LSPR.44 Similarly, we obtained the refractive index sensitivity of the three plasmon 

modes to changes in the refractive index of the superstrate ns as δλA/δns=137 nm/RIU, δλB/δns=260 

nm/RIU and δλC/δns=83 nm/RIU from data presented in Figure S2. Apparently, the highest sensitivity is 

observed for the mode at λB that is ascribed to propagating PSP at the outer interface where its field is 

dominantly confined. 
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The simulated spectra for varied gap distance g are presented in Figure 5b. They show more complex 

behavior and apparently the resonances λA and λB are weakly blue-shifted when increasing the distance 

g while the λC is strongly red-shifted. These changes exhibit non-linear behavior and for the shorter 

distances g, they are more pronounced than for the long-distance g. Therefore, this observation can be 

attributed to the near field coupling between the gold NPs and NHA, which is particularly pronounced 

for the resonance λC  with its field tightly confined in the gap (see right part of Figure 4b). Interestingly, 

for long distance g, an increase in the absorption close to the wavelength of 700 nm occurs, which may 

be due to the re-occurrence of the LSP resonance supported by gold NP arrays not coupled with NHA 

presented in Figure 4a. 

 

Figure 6. Dependence of spectral position of plasmonic features plotted as function of time for varied temperature 
from T=22°C to T=38°C: a) gradual variations of spectral positions of dips λB

d, λC
d and peak at λB

p and b) anomalous 
variations of spectral positions of dip λA and  peak λC

p. 

 

Actuating of plasmonic modes 

The swelling and collapsing of the pNIPAAm-based hydrogel cushion by the varying temperature around 

its LCST were further exploited for actuating the plasmonic modes supported by the prepared structure 

NHA+NP. In this experiment, we changed the temperature in the range T=20-38 °C and tracked the 

resonant positions of all identified spectral features: transmission dip at λA=577 nm due to the LSP in 

the nanoholes, spectral dip at λB
d=641 nm and peak at λB

p=658 nm that were ascribed to Fano resonance 

of PSPs on the top NHA surface, and spectral dip at λC
d=684 nm and peak at a wavelength of λC

p=825 

nm attributed to Fano resonance of PSP at the bottom NHA surface coupled with arrays of NPs 

(measured at temperature T=20 °C). The obtained response was measured in time upon a step-wise 

increasing and decreasing temperature T by the analysis of spectra presented in Figure 3d. The obtained 

time kinetics in Figure 6 show that the changes are reversible. The features presented in Figure 6a show 
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a gradual increase in spectral position when increasing temperature T. The Fano resonance features λB
d 

and λB
p  exhibit similar shifts and the maximum change of about 20 nm occurs when raising the 

temperature from T=22 ˚C to 38 ˚C. The highest slope of the shift occurs close to pNIPAAm LCST of 32 

˚C. At higher temperatures the spectral shift of the peak was not possible to track due to the fact that it 

becomes weakly pronounced. The spectral dip λC
d shows same trend and reaches stronger maximum 

shift of 40 nm for temperature increase from T=22 ˚C to 38 ˚C. 

Interestingly, the dependence of λA and λC
p

 shows different behavior. When increasing temperature 

from T=22 ̊ C, initial decrease occurs with a local maximum at T=29 ̊ C, then it decreases again and above 

pNIPAAm LCST it rapidly increases and shifts by about 20 nm. The peak position λC
p

 shows a 

complementary trend and it strongly decreases by 15 nm when increasing temperature from 22 ˚C to 

27 ˚C and then it increases and has a local maximum at 30 ˚C  and when passing the LCST it rapidly 

redshifts by 38 nm. These anomalous dependencies can be explained by a competing effect of the near 

field coupling (which is dominantly controlled by distance g and exhibit non-linear dependence, see 

Figure 5d) and refractive index change that shifts the resonance linearly (see Figure 5c). The anomalous 

changes occur below the pNIPAAm LCST, which indicates that the distance g is not directly proportional 

to the swelling degree of the hydrogel cushion layer and other effects such as filling the pores with the 

swelling polymer networks can occur.  

 

Local probing of molecular binding events 

In order to explore the potential of the developed hybrid nanostructure for applications in (bio)sensing, 

we employed the resonances for local probing of molecular binding events at its specific parts. In the 

first experiment, we directly monitored the binding of biomolecules in the pNIPAAm-based hydrogel 

cushion from the associated refractive index changes. These changes detune SPR wavelengths, at which 

there occurs the excitation of modes probing different sub-parts of the structure. After the stripping of 

the structure, the outer gold surface and the mouth of the pores were passivated by the thiol SAM with 

polyethylene glycol (PEG) groups. Then, the pNIPAAm-based hydrogel cushion was post-modified in-situ 

by covalent coupling of mouse immunoglobulin G - mIgG. The spectral positions of resonances at λA and 

λC
d were monitored by tracking there spectral detuning upon the surface reactions as can be seen in 

Figure 7a. These two resonances were selected as they probe different parts of the structure and they 

are well pronounced in the transmission spectrum. In order to activate the carboxylic groups within the 

hydrogel cushion, they were reacted with EDC/TFPS and then a solution with mIgG was flowed over the 

surface from the time 45 to 120 min. After rinsing with a buffer at time 120 min, the resonance λC
d  

shifted by 6 nm due to the covalent coupling of mIgG, while the resonance λA  showed a much weaker 

shift of about 0.5 nm. This observation proves that the mIgG molecules can diffuse through the pores 
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and bind to the underneath swollen hydrogel (probed at λC
d) while they do not attach to the pores 

(probed at λA). Then, series of PBS solutions with sucrose dissolved at a concentration of 2, 4 and 8 % 

was flowed over the surface in order to change the bulk refractive index by 2.8, 5.6 and 11.2 × 10−3 RIU. 

These low molecular weight molecules do not interact with the structure but freely diffuse to the 

pNIPAAm-based hydrogel and thus change the refractive index on both sides of the superstrate ns as 

well as substrate hydrogel cushion nh. From the measured shifts in λA and λC
d, the sensitivity of these 

resonances was determined as dλA/dn=218 nm/RIU and dλC
d/dn 454 nm/RIU. These values are close to 

the predicted sum of the sensitivities dλ/dns and dλ/dnh and it supports the fact that the refractive index 

changes at both interfaces of the permeable thin gold film. 

In the second experiment, we tested the structure as a substrate for SERS detection. Then, we probed 

the upper and bottom interfaces by a laser beam focused from the superstrate or substrate side by a 

lens with a numerical aperture of 0.5. The laser beam exhibited wavelength of λ=785 nm that is close to 

the resonance observed at λC
p associated with the confinement of the incident field in the gap between 

the NHA and NP (see Figure 4b). In this experiment, we directly used a structure that was stripped and 

compared the acquired Raman (Stokes-shifted) spectra with those acquired for the same structure 

where the upper gold surface and the pore mouth was modified with Raman-active 4-MBA monolayer 

(see schematics in Figure 1b). The results presented in Figure 7b show a series of Raman peaks in the 

spectral range 800 – 1800 cm-1 for the pristine striped structure that was probed from the bottom 

substrate through the pNIPAAm-based cushion. These peaks can be ascribed to the benzophenone 

molecules at the inner gold interface as their spectral positions are close to what is reported in previous 

works.48 After modifying the pore mouth and the upper gold interface with 4-MBA, additional two peaks 

occur at 1071 cm-1 (aromatic ring breathing, symmetric C-H in-plane bending, C-S stretching) and 1581 

cm-1 (aromatic ring C-C stretching, asymmetric C-H in-plane bending). These spectral positions are in 

vicinity to those observed previously for this molecule.48,49  
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Figure 7. a) The probing of covalent coupling of immunoglobulin G molecules (IgG) to pNIPAAm hydrogel polymer 
networks with plasmonic modes centred at λA and λC

d, b) SERS spectra measured before and after the post 
modification of stripped area of gold with 4-MBA, as measured with the laser wavelength of 785 nm. The structure 
NHA+NP was swollen in water. c) Comparison of acquired Raman spectra from the top (dry NHA+NP structure) 
and bottom (swollen and dry NHA+NP structure). 
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Finally, the comparison of the Raman peaks intensity was carried out for the probing from the top 

(through the superstrate) and from the bottom (through the pNIPAAm cushion substrate). As can be 

seen in Figure 7c, the Raman peaks were observed only for the probing from the bottom, where the 

mode at λC
p can be efficiently excited with the laser beam at the wavelength of 785 nm. In addition, the 

spectral tuning of this mode by collapsing and swelling the structure leads to variations in the Raman 

peak intensities. An increase in the Raman peaks intensity by about 45% by collapsing the structure (by 

drying) with respect to the geometry when the hydrogel cushion is swollen in water. This can be 

attributed to potentially stronger field intensity enhancement in the gap between the nanopore in the 

NHA and the bottom metallic nanoparticle as well as to a shift of the resonance at λC
p to its optimized 

spectral position with respect to the excitation wavelength and Raman scattered peaks, which was 

observed to provide most efficient SERS.50–55 

 

Conclusions 

We developed a new approach for the preparation of hybrid plasmonic nanostructure that can be 

actuated and consists of arrays of nanoholes in a thin gold film that is connected to arrays of gold 

nanoparticles by a responsive hydrogel cushion attached to a solid substrate. We explored the spectrum 

of plasmonic modes supported by the structure and identified their origin due to the resonant excitation 

of three localized surface plasmons (confined in the nanopores and at the surface of nanoparticles) and 

diffractive coupling to propagating surface plasmons (traveling along the upper and bottom interface of 

the thin gold film). By swelling and collapsing of the hydrogel cushion, the characteristics of these modes 

can be changed on-demand and the field confinement as well as resonant wavelength (up to 50 nm 

shifts) can be actively actuated. Among others, the near-field coupling between the nanoparticles and 

nanoholes was observed and the simulations predict that it leads to strong confinement of the 

electromagnetic field in the respective gap in the near-infrared part of the spectrum. This is particularly 

attractive for biosensing applications as demonstrated by SPR observation of attachment of 160 kDa IgG 

molecules inside the structure and SERS measurement of low molecular weight Raman active 4-MBA 

molecules immobilized in the pore mouth. In addition, the structure can offer a unique opportunity to 

open and close the pores by swelling and collapsing of the hydrogel cushion. The pores can be thus 

switched between the dead-end geometry and open state when water molecules are actively driven 

through the pores dragging dissolved biomolecules across the plasmonic hotspot by diffusion.    
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Experimental 

Materials 

OrmoStamp® resin was purchased from Micro Resist Technology GmbH (Germany). The Ostemer 322 

Crystal Clear was purchased from Mercene Labs AB (Sweden). Polydimethylsiloxane Sylgard 184 (PDMS) 

was obtained from Dow Corning (USA). Trichloro (1H,1H,2H,2H-perfluorooctyl) silane (perfluoro-silane), 

dimethyl sulfoxide (DMSO) and 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) were obtained 

from Sigma Aldrich (Germany). (11-mercaptoundecyl) triethyleneglycol (PEG-thiol, SPT-0011) was 

purchased from SensoPath Technologies Inc. (USA).  pNIPAAm based terpolymer composed of N-

isopropylacrylamide, methacrylic acid, and 4-methacryloyloxybenzophenone (in a ratio of 94:5:1), 

benzophenone-disulfide and 4-sulfotetrafluorophenol (TFPS) were synthesized in our laboratory as 

previously reported.56,57 IgG from mouse serum (mIgG, I 5381) and Tween 20 (P9416) was purchased 

from Sigma Aldrich (Austria), phosphate-buffered saline (PBS) and sodium acetate were obtained from 

VWR Chemicals (Austria). Goat anti-mouse IgG (a-mIgG, A11375) was acquired from Life Technologies, 

(Eugene OR, US).  

 

UV-Nanoimprint lithography  

A template structure bearing arrays of nanopillars was fabricated from a silicon master that carried a 1 

cm2 rectangular arrays of nanoholes with a diameter of D = 90 nm, depth 260 nm, and period Λ = 460 

nm, fabricated by Temicon GmbH (Germany). 200 μL of OrmoPrime was spin-coated on a cleaned BK7 

glass substrate at 4000 rpm for 60 s and hard-baked at 150 °C for 5 min. The BK7 substrate coated with 

OrmoPrime was contacted with the silicon master by using a drop of OrmoStamp and let still for 10 min 

in order to spread over the structure and fill the pores. The OrmoStamp was cured by using UV light at 

λ = 365 nm with the irradiation dose of 1 J/cm2 (UV lamp Bio-Link 365, Vilber Lourmat). Then, the silicon 

master was carefully detached, leaving the BK7 substrate with an imprinted pattern of nanopillars in 

OrmoStamp resin. The fabricated arrays nanopillars were treated with UV-ozone for 5 min in order to 

remove the excess of OrmoStamp and activate the surface for silanization. An anti-adhesive layer was 

deposited on the Ormostamp structure in an argon atmosphere by using 13 μL of trichloro 

(1H,1H,2H,2H-perfluorooctyl) silane in a desiccator (volume 5.8 L) heated to T=250°C for 20 min. A 50 

nm thin layer of gold was deposited on the arrays of nanopillars serving as a template by vacuum 

thermal evaporation (HHV AUTO 306 from HHV LTD) at a deposition rate of 2 Å s−1 in a vacuum better 

than 10−6 mbar. Each sample comprised a nanostructured region and a flat region for reference in the 

optical measurements. 
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Deposition of the responsive polymer 

The Ormostamp arrays of nanopillars coated with 50 nm of gold were incubated overnight in the 1 mM 

solution of benzophenone-disulfide in DMSO in order to form a self-assembled monolayer serving as a 

linker. Then, the structure was coated with a uniform layer of pNIPAAm-based terpolymer by spin-

coating 3 wt% ethanolic solution of the polymer at a spin rate of 2000 rpm for 1 min. The layer of the 

pNIPAAm-based terpolymer was dried overnight in a vacuum at 50 °C yielding a thickness of 230 nm. 

The resulting polymer film was crosslinked via the benzophenone moieties by UV light at λ=365 nm with 

the irradiation dose of 10 J/cm2. 

 

Template stripping 

A drop of Ostemer epoxy was spread on cleaned BK7 glass by contacting it with a flat piece of PDMS 

and irradiating with UV-light at λ=365 nm (2 J/cm2). The PDMS block was peeled-off leaving a glass 

substrate with a flat layer of a pre-cured Ostemer epoxy on its top. Then, the Ostemer surface was 

pressed against the template coated with crosslinked pNIPAAm-based film and incubated overnight at 

50 °C in order to allow for the attachment to the pNIPAAm-based surface via its epoxy groups. Due to 

the pre-curing step, the Ostemer did not penetrate the pNIPAAm polymer network layer.  Finally, the 

BK7 substrate with a layer of Ostemer was used to strip off the pNIPAAm-based film with the layer of 

gold from the template modified with the thin anti-adhesive layer. 

 

Morphological characterization 

Atomic force microscopy (AFM) measurements of the patterned structures in the air were acquired in 

tapping mode by using PPP-NCHR-50 tips (Nanosensors, Switzerland) and the PicoPlus instrument 

(Molecular Imaging, Agilent Technologies, USA). In addition, a scanning electron microscope (Zeiss 

Supra 40 VP (Carl Zeiss Microscopy GmbH, Germany) was used for imaging of a longitudinal and cross-

section interfaces of the nanostructures at electron high tension EHT = 5 kV. Height, diameter and lateral 

spacing of the nanoscale features were determined by the Gwyddion free software (version 2.47 from 

gwyddion.net). 

 

Optical configuration for angular-wavelength transmission measurement 

Transmission optical spectra were acquired by using a polychromatic light beam emitted from a halogen 

lamp (LSH102 LOT-Oriel, Germany) that was coupled to a multimode optical fiber and collimated with a 

lens. It was made incident at the structure and the transmitted beam was collected by a lens to another 

multimode optical fiber and delivered to a spectrometer (HR4000, Ocean Optics, USA). The obtained 

transmission spectra were normalized with that obtained on a reference flat 50 nm thick gold film. A 
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flow-cell with a Peltier element58 that was connected to the controller from Wavelength Electronics Inc. 

(USA) was clamped against the investigated structure in order to control the temperature of the liquid 

flowed over its surface. Deionized water was flowed through employing a peristaltic pump from Ismatec 

(Switzerland). The investigated structure with a flow cell was mounted on a rotation stage driven by a 

stepper motor from Huber GmbH (Germany) to control the angle of incident light θ. The transmission 

spectra were recorded by in-house developed Labview software and processed by using a dedicated 

Python script. 

 

Tracking of resonant wavelengths 

Polychromatic light emitted from supercontinuum laser source (WhiteLaser Micro, Fianium, UK) was 

collimated and the beam was expanded and spectrally filtered by a long-pass filter. The beam was made 

incident at normal angle onto the structure mounted in the temperature stabilized flow cell. The 

transmitted beam was collected by a GRIN lens to a multimode fiber and delivered to an input of a 

spectrometer (S2000, Ocean Optics, USA). The acquired transmission spectra were normalized by that 

measured for a reference flat gold film (thickness of 50 nm) and analyzed by a software SPR UP 

developed at the Institute of Photonics and Electronics, Czech Academy of Sciences. 

 

Finite-difference time-domain simulations 

FDTD simulations were done using Lumerical FDTD Solutions software. The geometry of nanoparticle 

arrays was described by using Cartesian coordinates with the x- and y- axis in the plane and with z-axis 

perpendicular to the plane of the arrays. An infinite array was considered in the simulations by choosing 

periodic boundary conditions (symmetric or anti-symmetric) along the x and y axis and by using perfectly 

matched layers (PML) above and below the structure. For the field profile simulations, the simulation 

mesh was set to 2 nm over the volume of the unit cell. A transmission monitor was placed 0.4 μm below 

the nanoparticle arrays and a 2D monitor in the xz-plane was employed for simulating near field 

distribution of the electric field intensity. The structure was illuminated by normally incident plane wave 

with its polarization set along the x-direction. Optical constants of Au were taken from CRC optical data 

tables (450-950 nm). In order to take into account the deviations of the experimental geometry from 

the (idealized) simulated one, the diameter D was varied in the range 100-120 nm and respective optical 

response averaged. 

 

Immunoassay experiment 

The substrate carrying the NHA+NP structure was clamped against a transparent flow-cell and loaded 

to an optical system for tracking of SPR dips in transmission spectrum. A polychromatic optical beam 
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was made incident at a normal angle of incidence θ=0 at the structure and by the analysis of transmitted 

light spectrum, variations in the resonant wavelengths were monitored in time. These variations were 

determined by fitting the acquired spectrum with polynomial function as reported before47 and which 

allows to measured spectral shifts of dip or peak features with the accuracy 0.1-0.01 nm, depending on 

the coupling strength and noise in the transmission spectrum. Firstly, the baseline in the resonant 

wavelength kinetics was established upon a flow of PBS for 20 min. Then, a mixture of EDC/TFPS 

dissolved in water at concentrations 75 and 21 mg/mL, respectively, was flowed over the structure for 

10 min in order to activate the carboxylic moieties of pNIPAAm hydrogel. The surface was quickly rinsed 

with acetate buffer pH 5 and reacted with a solution of 50 µg/mL mouse IgG in the same buffer for 60 

min to covalently attach the mIgG molecules to the polymer chains. Finally, the structure was rinsed 

with PBS following by the flow of PBS spiked with 2, 4 and 8 % sucrose (Δn=2.8 × 10−3, 5.6 × 10−3 and 

11.2 × 10−3 RIU, respectively). 

 

SERS experiments 

The NHA+NP was incubated overnight in 1 mM ethanolic solution of 4-mercaptobenzoic acid to form a 

self-assembled monolayer of SERS-active molecules. Prior to the experiment, the structure was rinsed 

with ethanol and dried. The SERS experiments were performed by using an Xplora Raman 

microspectrometer (Horiba Scientific, France) with a ×50 long working distance objective (numerical 

aperture of 0.5) was used. The laser beam at λ=785 nm was focused at the investigated NHA+NP 

structure. The spectrum was accumulated for 20 s. 
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Supporting information 

 

Figure S1. Measurement of thickness and the refractive index of a flat pNIPAAm-based polymer layer on a gold 
surface a) in a dry state and b) in water by using optical waveguide spectroscopy. Solid lines represent the 
measured angular scans and dashed curves are the fitted data.  
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Figure S2. Simulated absorption spectra for the structure NHA+NP for the varied refractive index of superstrate ns 
the substrate refractive index was of nh=1.47, the gap distance between NP and NHA was set as g=50 nm, the 
period was Λ=460 nm, diameter averaged between D=100-120 nm, height h=50 nm.3.3. Testing antifouling 
materials for sensor coating. 
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ABSTRACT 

A new type of hydrogel thin film that can be post-modified with biofunctional molecules is investigated 

for possible applications in evanescent wave optical affinity biosensors. This material is based on a 

polyisocyanide (PIC) copolymer that self-assembles into a fibrous polymer network. It is covalently 

tethered to a solid transducer surface and its swelling gives rise to a hydrogel layer with a thickness up 

to several micrometers, as characterized by a combination of surface plasmon resonance (SPR) and 

optical waveguide spectroscopy (OWS). Thin PIC-based hydrogel films with pendant functional 

biomolecules give access to serve in label-free affinity sensing strategies. In this work, we demonstrate 

the PIC-based affinity binding matrix through an avidin coupling of functional biomolecules and 

immunoassay-based detection, which can be readily expanded to other types of assays and target 

analytes. In addition, the stable PIC matrix proves to be resistant to fouling, even in the presence of 

complex biological fluids such as blood plasma or serum. 

 

Introduction 

Hydrogels are materials composed of chemically or physically crosslinked polymer chains forming a 

three-dimensional network that can accommodate large amounts of water. The uptake of water by such 

polymer network occurs without dissolving its structure and it is accompanied by strong volumetric 

expansion.1 On-demand swelling and contraction of such polymer networks can be achieved for a sub-
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class of (mostly synthetic) responsive hydrogels by applying external stimulus, e.g. temperature,2 pH,3 

light,4 pressure,5 electric or magnetic fields6 or through specific interactions with (bio)molecules.7 

Besides, the chemical inertness of many hydrogels renders their excellent biocompatibility and 

minimized non-specific interactions with proteins and cells in complex biological environments. All these 

features form the basis for widespread hydrogel applications in areas including detection and analysis 

of chemical and biological species.8  

Among various bioanalytical tools, evanescent wave optical biosensors and particularly those based on 

surface plasmon resonance (SPR) have become an established technology for the label-free detection 

and interaction analysis of (bio)molecules. The sensing principle is based on probing the sensor surface 

carrying biorecognition elements for affinity capture of target species by using a confined 

electromagnetic field of surface plasmons.9 Notably, the utilization of a hydrogel-based binding matrix 

on the surface of SPR-based sensors improves their performance by matching the volume that is 

optically probed with that where biorecognition elements are  

immobilized. In this approach, the sensing regime is extended from conventionally used two-

dimensional architectures (e.g. based on self-assembled monolayers) to the three-dimensional systems 

that allow for the capture of more analyte molecules from the analyzed liquid sample and that provide 

an environment that better mimic the natural conditions in biomolecular interaction studies.10,11 Along 

with these advancements, other modalities of optical transduction were introduced to SPR-based 

sensors as the thin hydrogel films at the sensor surface can also act as an optical waveguide. Optical 

waveguide spectroscopy (OWS)12 and its combination with fluorescence spectroscopy13 were employed 

for optical probing of highly swollen hydrogel films through which their open structure biomolecules 

can rapidly diffuse and affinity bind. In addition, stimuli-responsive hydrogels were utilized for the 

actuation of the optical signal in optical affinity SPR-based sensors,14–16 while their inert chemical nature 

was exploited for the design of antifouling sensor coatings enabling the detection of biomarkers in 

complex biological media.17–19  

Up to now, hydrogels derived from natural polymers, including polysaccharides and polypeptides (e.g. 

dextran, cellulose, alginate, chitosan, agarose, collagen, hyaluronic acid, and fibrin) were mostly 

explored for sensing applications, capitalizing on their porous architectures, non-toxicity and cost-

efficient preparation. However, they typically lack stimulus-responsive characteristics,20 which limits the 

implementation of additional functionalities based on the active tuning of their structure. Recently, a 

new responsive synthetic and highly biomimetic gel based on oligo(ethylene glycol)-grafted 

polyisocyanides (PICs) was developed. The glycol tails introduce a strong thermoresponsive behavior in 

the material, with a reversible sol-gel transition at Tgel ~ 18 °C that can be adjusted by the tail length.21 

The helical architecture of PIC is stabilized by the peptidic hydrogen bonds creating stiff polymer chain 
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bundles providing mechanical strength. Moreover, the polymer can be endowed with additional 

functional groups for the conjugation with biomolecules (e.g. RGD peptides for enhanced cell 

adhesion22) or crosslinkers. The PIC hydrogel exhibits a stress-stiffening behavior that is wide-spread in 

biopolymer matrices, however rare in synthetic materials. For instance, stress-stiffening of PIC was 

reported to play an important role in the commitment of stem-cell fate.23 Due to the biomimetic 

properties and thermally-induced gelation temperature, PIC hydrogel was used as a bulk material and 

applied for wound dressing,22 3D cell cultures, and tissue engineering24 and as an injectable scaffold.25 

In this contribution, we report on the use of PIC polymers as a matrix for online biosensing in complex 

bioenvironments. Thin hydrogel films were attached to a solid SPR chip through facile PIC click 

conjugation chemistry and functionalized with biotin for subsequent biofunctionalization. The swelling 

of the biomolecule-functionalized PIC hydrogel thin films was observed by OWS combined with SPR. The 

combination of these evanescent-wave techniques with fluorescence spectroscopy was utilized to 

measure diffusion and affinity binding of biomolecules inside the hydrogel. The possible implementation 

of this novel material in bioassays and its resistance to fouling from bodily fluids such as blood plasma 

is demonstrated. 

 

Experimental section 

Materials 

Dibenzocyclooctyne (DBCO)-EG4-biotin conjugate was obtained from Sigma Aldrich (Germany). 

Neutravidin and rabbit anti-mouse IgG (H+L) antibody conjugated with Alexa Fluor 647 were purchased 

from Thermo Scientific (Austria). Biotinylated mouse IgG was obtained from Abcam (UK). Phosphate 

buffer saline tablets (PBS: 140 mM NaCl, 10 mM phosphate, 3 mM KCl, pH=7.4) were obtained from 

Calbiochem (Germany). Normal pooled human serum, plasma, and single donor whole human blood 

were obtained from Innovative Research (USA). All buffer solutions were prepared by using ultrapure 

water (arium pro, Sartorius Stedim, Germany). Isocyanide monomers were obtained from Chiralix. 

Absolute ethanol (99.5%) was purchased from Fisher Scientific. Nickel(II)perchlorate hexahydrate was 

obtained from Sigma-Aldrich. 

 

Synthesis of PIC co-polymer 

The polyisocyanides were synthesized according to an established protocol.26 Briefly, the isocyanide 

monomers (3% carrying an azide group for post-functionalization) were dissolved in freshly distilled 

toluene, then the catalyst Ni(ClO4)2·6H2O (0.1 mg mL–1 in freshly distilled toluene/absolute ethanol, 9:1 

in volume) was added, and the toluene was added to set the final isocyanide concentration 
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to 50 mg mL–1. The ratio between Ni2+ and total monomer concentration was 1:2000 to yield polymers 

with a molecular weight around 500 kg/mol as determined by viscometry. 

 

Synthesis of DBCO-linker 

Dibenzocyclooctyne-EG4-SH (DBCO)-thiol linker for attachment to gold was synthesized as follows. 

Cysteamonium chloride (HS(CH2)2NH3Cl) was dissolved in dimethylformamide (DMF) at c = 4 mM. Next, 

0.9 eq DBCO-PEG4-NHS and 10 eq diisopropylethylamine (DIPEA) were added to the solution. The 

mixture was allowed to react on a rotating mixer for 24 h and quenched with 10% TFA/DMSO to pH < 

4. Finally, the product was diluted with purified (MilliQ) water and further purified with HPLC. 

 

Preparation of thin PIC films 

The SPR sensor chips were prepared on BK7 glass substrates. Vacuum thermal evaporation (HHV AUTO 

306 from HHV LTD) was used for the deposition of the 2 nm layer of chromium followed by a 50 nm 

layer of gold. The metal deposition rate was 2 Å s−1 in a vacuum better than 10−6 mbar. The gold surface 

of the prepared substrates was immersed in an ethanolic solution of 1 mM DBCO-thiol to form a self-

assembled monolayer (SAM). After overnight incubation, the substrates were rinsed with copious 

amounts of ethanol to remove the excess of unbound DBCO-thiol, dried in the stream of air, and placed 

on ice for at least 15 min. The 4 mg/ml stock solution of gelled PIC hydrogel was cooled below its gelation 

temperature Tgel (for the used copolymer of 15 °C). The obtained fluid polymer solution was diluted in 

cold ultrapure water to yield a concentration of c = 0.5, 1.0, 2.0, and 4.0 mg/mL. Then, 200 µL of each 

solution was pipetted on a separately cooled substrate with the DBCO-thiol SAM. The PIC solution on 

the top of such an SPR sensor chip was left on ice for 30 min to allow for click reaction between the 

azide groups carried by the PIC chains and the DBCO moieties at the gold surface, which typically occurs 

in several minutes.27 Afterwards, the SPR sensor chip was spun at 1000 rpm for 30 s in order to yield a 

thin homogenous polymer film that was allowed to slowly reach room temperature. After 30 min, a dry 

surface of PIC film was obtained and additional layers of the polymer were prepared by repeating the 

procedure with lowered spin rate to 500 rpm.  

 

Optical setup 

An in-house developed sensor instrument relying on angular interrogation of SPR and surface plasmon-

enhanced fluorescence (SPFS) was used, see Figure 1. A monochromatic beam (λex = 632.8 nm, 2 mW) 

was transverse magnetically (TM) or transverse electrically (TE) polarized by a polarizer (POL). The 

linearly polarized light beam  
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Figure 1. Optical setup employed for the combined surface plasmon resonance (SPR), optical waveguide 
spectroscopy (OWS), and fluorescence spectroscopy for the characterization and monitoring of affinity binding 
events inside the PIC-based thin hydrogel films. 

passed through a chopper and was coupled to the 90° LASFN9 glass prism that was mounted on a 

rotation stage to control the angle of incidence θ. The SPR chip with a layer of attached PIC-based 

hydrogel was optically matched to the prism base by using an immersion oil (Cargille Inc., USA). The 

intensity of the beam R that reflected at the SPR sensor chip surface was measured as a function of 

angle of incidence θ by a photodiode connected to a lock-in amplifier (EG&G, USA). Liquid samples were 

transported over the SPR sensor chip surface at the flow rate of 50 mL min-1 by using a flow-cell 

connected to a Tygon tubing and a peristaltic pump (Ismatec, Germany). Fluorescence light emitted 

from the sensor surface in the perpendicular direction was collected through the flow-cell made from a 

transparent glass substrate. It was excited by the evanescent field on the sensor surface at a wavelength 

λex and the emitted beam at wavelengths close to λem=670 nm was collected by the lens. It was then 

spectrally cleaned by a notch filter (LNF, the central stop-band wavelength of 632.8 nm, XNF-632.8-

25.0M, CVI Melles Griot, USA) and two bandpass filters (FBPF, transmission wavelength λ=670 nm, 

670FS10-25, Corporation Optical Filter, USA). The fluorescence intensity F was measured by a 

photomultiplier (H6240-01, Hamamatsu, Japan) that was connected to a counter (53131A, Agilent, 

USA). To minimize the bleaching of emitters, the intensity of the excitation laser beam at λex was reduced 

to 1% by using a neutral-density filter (NDF, Linos Plano Optics). The angular reflectivity spectra R(θ) and 

fluorescence intensity F(θ) were recorded by a Wasplas software (Max Planck Institute for Polymer 

Research, Mainz, Germany).  
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Observation of thin PIC-based hydrogel layers 

Thin layers of the PIC-based hydrogel were investigated in contact with air and water by using SPR 

combined with OWS. The thickness dh and refractive index nh of swollen hydrogel films and thickness dh-

dry and refractive index nh-dry of dry hydrogel films were determined by fitting the reflectivity scans in TM 

and TE polarization R(θ) with a Fresnel reflectivity-based model implemented in Winspall software (Max 

Planck Institute for Polymer Research, Germany). A “box” approximation was used in which the layers 

were assumed homogeneous and a possible density gradient in the direction perpendicular to the 

surface was omitted. The swelling ratio SR of the PIC-based hydrogel layers was calculated from the 

experimentally found thickness of the hydrated and dry layers:  

 

𝑆𝑅 =  
𝑑h

𝑑h−dry
.   (1) 

 

The respective polymer volume fraction f was obtained from the effective medium theory as17:  

 

𝑓 =  
(𝑛ℎ

2− 𝑛b
2) (𝑛h−dry

2+ 2𝑛b
2)

(𝑛h
2+ 2𝑛b

2) (𝑛h−dry
2− 𝑛b

2)
,  (2) 

 

where nb = 1.334 states the refractive index of buffer (PBS)12 in contact with the polymer film, nh and nh-

dry are the refractive indices of the hydrated and the dried PIC layers, respectively. The surface mass 

density Γ of the PIC-based hydrogel layer loaded with biomolecules was determined as28: 

 

𝛤 = (𝑛h −  𝑛b) ×  𝑑h  ×
𝜕𝑐

𝜕𝑛
,  (3) 

 

where we used for the coefficient describing the changes in refractive index with the concentration of 

proteins 
𝜕𝑛

𝜕𝑐
= 0.2 µL/mg.29  

 

AFM analysis of PIC-based hydrogel layers 

The topography of dry PIC-based polymer layers was measured by using atomic force microscopy 

(PicoPlus from Molecular Imaging, Agilent Technologies, Germany) with tapping mode tips PPP-NCHR-

50 (Nanosensors, Switzerland). The obtained images were processed in the open-source software 

Gwyddion (version 2.47 from gwyddion.net). 

 

 

 



102 
 
 

Post-modification of PIC-based hydrogel 

Firstly, the SPR sensor chip carrying the PIC-based hydrogel layer was loaded to the SPR sensor 

instrument (Figure 1). The surface was rinsed with PBS for 5 min and then 200 µM DBCO-biotin dissolved 

in PBS was reacted with the PIC hydrogel layer for 30 min. The excess of DBCO-biotin was removed by 

rinsing the sensor chip with PBS for 5 min. Subsequently, a solution of 200 µM neutravidin was placed 

on top of the PIC hydrogel layer for 90 min and rinsed with PBS for 5 min. Then, biotinylated mouse IgG 

dissolved in PBS at a concentration of 50 µg/mL was allowed to bind to the PIC-based hydrogel matrix 

for 30 min. Finally, PBS with 2 µg/mL of rabbit anti-mouse IgG (that was tagged with the fluorescent dye 

Alexa Fluor-647) was flowed over the PIC-based hydrogel for 30 min followed by rinsing with PBS for 5 

min. 

 

 

Figure 2. a) Overview of used linkers and PIC-based copolymer and b) the preparation of thin PIC-based hydrogel 
film. 

 

Results and discussion 

Preparation of PIC-based hydrogel layers 

In order to graft the PIC hydrogel to the SPR sensor chip, its gold-coated surface was firstly reacted with 

a glycol linker carrying thiol group and dibenzocyclooctyne head group (DBCO-thiol), see Figure 2a. The 

DBCO-thiol was allowed to form a self-assembled monolayer 30 for the subsequent attachment of the 

PIC-based gel layer. As illustrated in Figure 2b, the PIC-based polymer was dissolved in water that was 



103 
 
 

cooled down below the gelation temperature Tgel and the solution was contacted with the DBCO-

modified gold surface. The PIC-based polymer in the solution reacted with the DBCO groups at the 

surface via its attached azide groups to establish a permanent graft. After the grafting reaction, the 

substrate with the polymer solution on its top was spun in order to form a thin hydrated layer. This layer 

was slowly heated to temperature T=22 °C in 30 min, which is above the PIC polymer Tgel, and thus the 

bundling of the polymer chains and respective gel formation can occur before it dries. The concentration 

of PIC polymer in the aqueous solution was varied between 0.5-4 mg/mL to control the thickness and 

density of the PIC polymer-based film. The thickness of the dried film dh-dry was determined by SPR 

measurement from a shift of the SPR dip in the measured reflectivity spectrum R(θ) that was fitted with 

the Fresnel reflectivity-based model. As Figure 3a shows, SPR occurs at an angle of θSP = 25.8° on a bare 

gold surface (control without PIC-based polymer layer). After the coating with the PIC layer, the SPR 

angle shifts to a higher angle (reaching up to θSP = 35.68° for the 4 mg/mL PIC solution). The analysis of 

measured spectra R(θ) allowed for determining the film thickness dh-dry in the range of 4-40 nm as 

presented in Figure 3b. It is worthy of noting that the film thickness dh-dry can be further increased by 

repeating the coating procedure. As it is shown in Figure 3b, repeated deposition of the PIC-polymer 

from 4 mg/mL by using the same procedure with a decreased spin rate of 500 rpm yielded an increased 

thickness of dh-dry = 103 and 143 nm for two and three deposition cycles, respectively. 

A previous study of the bulk PIC hydrogel structure showed that in average 7 helical polymer chains 

form a bundle with a diameter of 7.5 nm.31 It was observed that the concentration of the polymer does 

not impact the bundle's diameter but rather their abundance and, as a result, the pore size of the 

hydrogel matrix. Indeed, this observation was later confirmed by a confocal fluorescence imaging that 

showed a heterogeneous structure of interconnected fibrils with a pore size reaching 1 to 10 µm 

depending on the concentration.32 Refractive index of the herein prepared dry PIC polymer-based films 

was determined as nh-dry = 1.4624, which is below the value obtained for dense biopolymers and 

indicates that the structure comprises voids induced by the bundling of individual chains due to the 

forming of a network. The topography of dry PIC polymer-based dry layer prepared from 4 mg/mL 

solution was characterized by using atomic force microscopy (see Figure S1). Our analysis of the thin 

polymer films revealed that the surface of the dry PIC-based polymer layer exhibits an rms roughness 

of ± 4.2 nm and we did not observe the fine structure of polymer bundles. The reason can be attributed 

to the fact that the bundles are rather densely packed in the investigated dry polymer layer.  
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Figure 3. a) Reflectivity spectra R for dry polymer films prepared from a solution of PIC polymer at concentrations 
c and spun at 1000 rpm. b) Measured dependence of the fitted thickness on c for one (1000 rpm), two (1000, 500 
rpm) and three (1000, 500, 500 rpm) sequential depositions. The points were fitted with the linear function where 
a = -0.93 ± 2.3 and b = 8.66 ± 1.0. 

 

Swelling of thin PIC hydrogel layers 

To prove that the grafted PIC polymer-based film forms a hydrogel, the layer was brought in contact 

with an aqueous liquid at room temperature (T = 22 °C that is above the PIC gel temperature Tgel). 

Combined surface plasmon resonance (SPR) and optical waveguide spectroscopy (OWS) were used for 

the SPR sensor chip carrying PIC film with a dry thickness of dh-dry = 101 nm and refractive index nh-dry = 

1.4624. The polymer layer was contacted with phosphate-buffered saline (PBS) and angular reflectivity 

spectra R(θ) were measured for both transverse magnetic (TM) and transverse electric (TE) polarization, 

as showed in Figure 4a and b. Contrary to the measurement for a dry film (presented in Figure 3a), the 

angular spectra acquired from a film swollen in PBS show richer characteristics. The spectrum R(θ) 

exhibits two distinct resonances in TM polarization: besides the excitation of surface plasmons at θSP = 

58.74°, we observed an additional dielectric waveguide mode TM1 at θTM1 = 47.42°. Moreover, R(θ) in 

the orthogonal TE polarization shows a faint resonance at θTE0 = 47.50°, which is associated with a 

dielectric waveguide mode TE0. The analysis of the reflectivity spectra allowed us to determine the 

thickness dh and the refractive index nh of the hydrated PIC layer. It reveals that thickness increased 

from dh-dry = 101 nm to dh = 1558 nm and refractive index decreased to nh = 1.3420, close to that of 

water. These data indicate that the PIC polymer layer did not dissolve and that the formed polymer 

networks swelled by the uptake of water with the swelling ratio of SR = 15.4 determined from equation 

(1). These data imply a decreased polymer volume fraction f = 6.3%, based on equation (2), using the 

measured refractive indices nh, nh-dry, and that of PBS buffer nb=1.334. In addition, the respective surface 

mass density of the PIC-based hydrogel was calculated as Γ = 62.3 ng/mm2 by using equation (3). This 
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value is slightly lower than Γ = 72.9 ng/mm2 determined for the dry film, prior to the swelling, due to 

possible detachment of a small fraction of loosely bound polymer chains from the surface. 

 

PIC-based hydrogel 3D binding matrix – post-modification 

After establishing the protocol for the formation of a thin hydrogel layer on the gold substrate, we 

explored its application to serve as a three-dimensional binding matrix that can host biomolecules and 

allow for specific interactions with their affinity binding partners. In order to demonstrate this 

functionality, the azide groups on the PIC chains in the network were used for attaching functional 

biomolecules in a post-modification approach. The biofunctionalization steps were monitored by 

combined SPR and OWS for a pristine hydrogel film with a thickness of dh = 1558 nm and a refractive 

index of nh = 1.342.  

We utilized the well-known biotin-streptavidin interaction for the coupling of functional proteins to PIC-

based hydrogel.33 In the first step, free azide moieties present on the PIC chains were reacted with the 

DBCO-biotin conjugate through the same catalyst-free click conjugation reaction that was used for 

substrate grafting (see Figure 2). After the reaction, the surface was rinsed with PBS and we observed 

corresponding shifts in the resonant angles θTM1 and θTE0 in the reflectivity scans R(θ). The acquired shifts 

to θTM1=47.46° and θTE0=47.53° indicate that the surface mass density of the PIC-based hydrogel layer 

increased by 4.07 ng/mm2 to Γ = 66.40 ng/mm2 due to the attachment of biotin groups conjugated with 

DBCO (molecular weight 0.75 kDa). In the next step, the biotin groups on the PIC were allowed to bind 

to neutravidin (molecular weight of 60 kDa). After the rinsing away excess protein with PBS, the 

dielectric waveguide mode resonances shifted to values θTM1 = 47.58° and θTE0 = 47.65°; these shifts 

correspond to a further increase of surface mass density by 15.57 ng/mm2 to Γ = 81.97 ng/mm2. It is 

worth noting that the measured surface mass density increase after the immobilization of neutravidin 

is 4-times higher 
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Figure 4. Changes in resonant coupling to a) SP and TM1 waves and b) TE0 wave upon a sequential reacting of the 
PIC hydrogel layer with biotin-DBCO, neutravidin, mouse IgG, and anti-mouse IgG conjugated with Alexa Fluor 647 
fluorophore. Changes in resonant coupling to c) SP and TM1 waves and d) TE0 wave upon after the exposure of 
PIC-based hydrogel to 10% blood, undiluted plasma and undiluted serum. 

compared to that for the biotin–DBCO conjugate. However, the molecular weight ratio of these 

molecules of 80 is much larger, which indicates that only a limited fraction of available biotin groups 

reacted with the neutravidin.  A potential reason for this difference is that multiple biotin groups can 

bind one neutravidin molecule (carrying four binding pockets). This avidity is associated with additional 

crosslinking of the PIC hydrogel that may hinder the diffusion of molecules through the network and 

cause undesired crowding at the interface of the hydrogel film with the neutravidin solution. In line with 

this observation, we noticed a negligible shift in the SPR angle θSP after the coupling of biotin with 

neutravidin. The θSP angle probes about a 100 nm thin slice of the PIC-based hydrogel at its inner 

interface with the gold film. Therefore, the molecules reaching this interface need to diffuse through 

the whole PIC-based polymer network and may experience a more crowded environment due to the 

covalent attachment of the chains to the gold surface that thus hinders the affinity reaction. 

 

PIC-based hydrogel as a 3D binding matrix – immunoassay and antifouling properties 

In order to demonstrate the functionality of neutravidin-modified PIC coating as a binding matrix for 

immunoassays, a biotinylated mouse IgG (mIgG) was affinity bound into the PIC film with neutravidin 
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molecules, followed by the binding of its affinity partner - fluorophore-labeled anti-mIgG antibody. The 

first step was directly monitored by measuring a shift in the resonant angles θTM1 and θTE0  as can be 

seen in Figure 4. The increase in surface mass density to Γ = 82.45 ng/mm2 was determined by the 

analysis of these changes. Considering the IgG molecular weight of about 160 kDa, this surface mass 

density change indicates that only a small fraction of neutravidin molecules inside the PIC-based 

hydrogel was available for reacting the mIgG-biotin molecules. A possible explanation for such 

decreased efficiency in the loading of this molecule to the PIC-based hydrogel layer is the crowding at 

the upper interface of the hydrogel occurring due to the densely packed neutravidin and, possibly, the 

additional crosslinking effect of reacting with mIgG carrying multiple biotin tags. The immobilized mIgG, 

however, allowed for the specific capture of anti-mIgG antibodies that were labeled with fluorophores 

Alexa Fluor 647 (A647), which allows for visualization by fluorescence spectroscopy. The fluorescence 

label was excited at λex = 633 nm, coincident with the absorption band of A647 via the enhanced field 

intensity associated with the resonant excitation of the SP and dielectric waveguide modes TM1 and TE0. 

The binding of anti-mIgG conjugated with A647 gives rise to strong fluorescence peaks occurring in the 

angular scans F(θ) measured at the emission wavelength of λem = 670 nm at resonant angles θTM1 and 

θTE0, see Figure 4a and b. These peaks show a strong intensity increase to F = 6.5×105 cps for the TM1 

mode and 2×104 cps for the TE0 mode, which corresponds to 20 times higher signal than the background 

indicating that, indeed, the PIC polymer gel can be used for sensing applications. Interestingly, no 

fluorescence signal increase was measured for θSP, which supports the hypothesis the binding of IgG 

molecules primarily occurred at the interface of PIC hydrogel films for the used neutravidin-biotin 

immobilization strategy. 

As sensing is often required in complex (biological) fluids, sensor fouling is a recurring problem. The 

resistance to fouling of the PIC hydrogel was tested using blood serum, plasma, and 10 % diluted whole 

blood plasma. As seen in Figures 4c and d, a 15 min flow of these biological fluids followed by a 5 min 

rinse with PBS did not lead to a measurable shift in the resonances as measured for the surface plasmon 

modes SP or the dielectric waveguide modes TM1 and TE0 (Table 1 in SI). Overall, the 45 minutes 

exposure to various biological media resulted in the total shift of TM1 and TE0 modes by approximately 

0.008° and an increase of surface mass density by less than ΔΓ = 1 ng/mm2. The antifouling nature of 

the PIC hydrogel can be assigned to the high level of hydration and presence of the relatively inert 

oligo(ethylene glycol) chains [that in self-assembled monolayers of alkanethiols with oligo(ethylene 

glycol) headgroups are commonly used to prevent fouling of the sensor surfaces34]. Although the 

measurement of the resistance to nonspecific interactions of the PIC matrix shows its potential to serve 

as an efficient antifouling biointerface, the accuracy of the performed measurements does allow 

comparison with the best performing antifouling materials known to date. For instance, the zwitterionic 



108 
 
 

carboxybetaines and N-2-hydroxypropyl methacrylamide (HPMA) polymer brush layers were reported 

to prevent fouling of the complex media at a level of several pg/mm2.35 However, these biointerfaces 

exhibit a thickness that is about two orders of magnitude shorter than herein reported PIC-based 

architecture, which consequently affects the surface mass density of deposited biomolecules.  

 

Conclusions 

In this manuscript, we deposited a polyisocyanide-based hydrogel on a solid surface in form of a thin 

film and demonstrated that it can serve as an affinity binding matrix for sensing applications. The PIC 

gel is introduced on the chip in a two-step attachment procedure and the film thickness is readily 

controlled by the preparation conditions. The open fibrous structure of the hydrogel allows for diffusion 

of medium size protein molecules, which allows for post-modification of the polymer network with 

functional moieties. In our work, we demonstrated the functionalization with biotin and subsequent 

reaction with neutravidin, which is a frequently used platform for further conjugation of biomolecules 

and implementation of assays including the herein used immunoassay. Hydrogel swelling and successive 

conjugation steps were monitored in a label-free manner by the combined SPR and OWS. Our work 

demonstrates that the PIC gels can be used to form stable hydrogel layers without the need for chemical 

or photo-crosslinking chemistry, which simplifies preparation and is biomolecule compatible. Also, the 

antifouling properties of the gel are advantageous. This study is the first step for the future development 

of robust PIC-based 3D sensor matrices for efficient affinity biosensors. The use of evanescent optical 

techniques may provide a facile tool for the characterization of such thin films in order to tailor them 

also for other application fields. For example, one can envision using a PIC-functionalized SPR sensor for 

simultaneous cell culturing and monitoring of cellular secretion molecules of interest. 
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Supporting information 

Table 1. Calculation of the surface mass density of the hydrogel layers. 

 dh [nm] nh Γ [ng/mm2] 

Pristine dry 101.13 1.4624 233.8126 

Pristine in PBS 1558.26 1.3420 62.3304 

Biotin-DBCO 1660 1.3420 66.4000 

Neutravidin 1928.8 1.3425 81.9740 

mIgG-biotin 1940 1.3425 82.4500 

a-mIgG-A640 1963 1.3425 83.4275 

 

Pristine in PBS 2167.04 1.3400 65.0112 

Human plasma 2177 1.3400 65.3100 

Human serum 2198 1.3400 65.9400 

10% human blood 2200 1.3400 66.0000 
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Figure S1. AFM topography of a dry PIC-based polymer film prepared from 4 mg/mL solution and spun at 1000 
rpm. The black horizontal line indicates a measurement of the surface roughness. 
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ABSTRACT 

A compact optical biosensor for direct detection of thrombin in human blood plasma (HBP) is reported. 

This biosensor platform is based on wavelength spectroscopy of surface plasmons on a chip with a 

periodically corrugated gold film that carries an antifouling thin polymer layer consisting of poly[(N-(2-

hydroxypropyl) methacrylamide)-co-(carboxybetaine methacrylamide)] poly(HPMA-co-CBMAA) 

brushes. This surface architecture provides superior resistance to nonspecific and irreversible 

adsorption of abundant compounds in the analyzed HBP samples in comparison to standard surface 

modifications. The carboxylate groups along the polymer brushes were exploited for the covalent 

immobilization of aptamer ligands. These ligands were selected to specifically capture target thrombin 

analyte from the analyzed HBP sample in a way that does not activate the coagulatory process at the 

biosensor surface with poly(HPMA-co-CBMAA) brushes. Direct label-free analysis of thrombin in the 

medically relevant concentration range (1 – 20 nM) is demonstrated without the need for diluting the 

HBP samples or using additional steps for signal enhancement. The reported platform constitutes the 

first step toward a portable and sensitive point-of-care (POC) device for direct detection of thrombin in 

human blood. 
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Introduction 

Hemostasis is an indispensable physiological mechanism that maintains the integrity of the vascular 

system and circulation of the blood in the fluid state.1 It relies on a number of highly regulated pro- and 

anti-thrombotic pathways that control the suppression of bleeding at the site of vessel injury, clot 

dissolution, and wound remodeling.2 The delicate balance between coagulation and fibrinolytic activity 

can be disrupted by congenital and acquired coagulopathies,1 anticoagulation therapy,3 surgical 

procedures,4,5 cardiopulmonary bypass,6 and extracorporeal life support (ECLS).7 In these cases, the 

patient is exposed to a risk of life-threatening hemorrhage or a thrombotic event that requires 

immediate medical intervention. The incidence of hemostatic complications and their consequences 

(mortality, number of transfusions, time spent in the intensive care, cost of the treatment) can be 

substantially reduced by routine clinical diagnostics complemented by self-testing of a patient’s 

coagulation status.8–10 Yet, because of the complexity of the hemostatic system with a plentiful positive 

and negative feedback controls, a generic and widely accepted method for the assessment of 

coagulation stage does not exist neither at patient´s home nor in the clinical practice.11 

Affinity optical biosensors based on surface plasmon resonance (SPR) are considered as one of the prime 

candidates for the ‘next generation’ diagnostic devices.12 The SPR biosensors hold potential to serve in 

emerging POC applications offering the advantage of fast response, real-time measurement, and 

already developed implementations to portable devices.13 Up to now, portable systems based on SPR 

biosensor principle were pursued for the applications in food safety,14,15 environmental monitoring, 

biodefense,16,17 and medical diagnostics.18,19 The majority of the reported portable SPR devices rely on 

the Kretschmann configuration of the attenuated total reflection (ATR) enabling resonant excitation of 

propagating surface plasmons (PSPs) on sensor surface with continuous metallic film.20,21 In order to 

simplify the use of SPR sensor chips in compact or portable reader devices, diffraction grating-coupled 

surface plasmon resonance (GC-SPR) provides an alternative to ATR method.22,23 The GC-SPR chips carry 

nanostructures which can be fabricated by scaled up means by injection molding,24 roll-to-roll 

nanoimprint lithography,25 or laser interference lithography.26 These types of nanostructures were 

integrated to disposable sensor chips and used in the compact sensor designs supported by dedicated 

readers27–29 as well as by optics integrated to smartphones.30 

Throughout the last years, we witnessed a gradual progress in the development of thrombin biosensors 

based on electrochemical,31 piezoelectric32 and optical transducers.33 Among these, SPR biosensors 

reached the limit of detection at pico- and attomolar concentrations34,35 and relied on readers with 

miniature design by using plasmonic nanostructures36 or optical fibers.37 Although detection of 

thrombin in medically relevant range (5 – 20 nM) is well established in model samples, the operation in 

complex biological media such as human blood, plasma, and serum remains challenging due to the 
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unspecific adsorption of matrix proteins to the sensor surface - a phenomenon also called ‘fouling’. The 

fouling from blood plasma is the result of complex cooperative intermolecular interactions,38 which 

constitutes a multiscale process that begins with adsorption of smaller proteins that are subsequently 

replaced by more surface-affine ones (Vroman effect39) and followed by the activation of different 

coagulatory factors as well as thrombocytes. In the SPR affinity biosensors, fouling severely complicates 

the discrimination between the response originating from the capture of the target analyte and the 

unspecific protein adsorption on the sensor surface, and thus, impairs their performance. The most 

common approach to reduce the protein fouling is a modification of the metallic surface with self-

assembled monolayers (SAM) carrying oligo(ethylene glycol) moieties.40 This modification typically 

provides good resistance to the fouling from model samples, however, it is not sufficient when the 

sensor surface is challenged with more complex bodily fluids.41 Often used strategy to mitigate the 

effect of unspecific interactions is diluting the analyzed sample ten to hundreds of times with a reaction 

buffer,42,43 which lowers the concentration of the target analyte that is available for the detection by 

the same factor. In addition, there were reported multiple-step assays with the enhancement of specific 

response by using sandwich assay format combined with metallic nanoparticles43 and advanced 

reference-compensated measurement strategies were pursued.44 Despite these advances in SPR 

biosensor technology, only one of the aforementioned studies achieved sufficient limit of detection 

(LOD) of thrombin in 10% serum for the prediction of the thrombotic event by the combined aptamer-

based rolling circle amplification and bio-bar-coded AuNP enhancement.35 

Notably, the SPR analysis of complex biological media can be simplified by the implementation of anti-

fouling biointerface architecture that will resist the biological matrix effect and thus enable the specific 

detection of the target analyte without the need of sample dilution or signal amplification. The poly[(N-

(2-hydroxypropyl) methacrylamide)-co-(carboxybetaine methacrylamide)] poly(HPMA-co-CBMAA) 

brushes have become one of the most successful strategies for eliminating protein adsorption on the 

sensor surface from blood serum and plasma45–47 and saliva.48 Most importantly, the immobilization of 

the receptor molecules to these poly(HPMA-co-CBMAA) brushes induces only minute changes in their 

structure and thus it minimally impairs their anti-fouling properties. This functionality was 

demonstrated for brushes prepared by statistical copolymerization of two anti-fouling monomers HPMA 

and CBMAA (85:15%) that provides a small fraction of side groups available for functionalization with 

receptors.45 

In this study, we address the important clinical need for a compact device to monitor the concentration 

of thrombin in biological media by developing a compact plasmonic biosensor. It should be emphasized 

that the detection of thrombin in the blood plasma is particularly challenging because its capture on the 

sensor surface locally increases its concentration and can trigger the coagulation cascade. Therefore, 
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the surface of a diffraction grating was coated with an advanced biointerface architecture comprising 

poly(HPMA-co-CBMAA) brushes that were post modified with aptamer ligand. The single-stranded DNA 

aptamer used in this study binds to exosite I of thrombin by adopting a G-quadruplex conformation 

leading to inhibition of thrombin-catalyzed clot formation.49,50 In addition, we used an univalent 

thrombin inhibitor – argatroban in order to prevent the coagulation of the bulk human blood plasma 

(HBP) sample. The argatroban binds to the active site of thrombin blocking the catalytic activity of 

soluble and fibrin-bound thrombin and reducing thrombin-mediated activation of platelets.51 By 

occupying the active site only, the argatroban does not impair the recognition of thrombin by the 

surface-attached aptamer. The importance of an anti-fouling sensor surface engineering is 

demonstrated by selective capture of medically relevant concentrations of thrombin in undiluted HBP. 

 

Experimental 

Materials 

Thrombin purified from human plasma (MW = 37 kDa) was purchased from Enzo Life Sciences 

(Switzerland). The thrombin binding aptamer HD1 (amino modifier C6 5’-TTT TTG GTT GGT GTG GTT 

GG-3’) and control aptamer (scrambled sequence: amino modifier C6 5’- TTT TTG GTG GTG GTT GTG 

GT-3’) were synthesized by Integrated DNA Technologies (Belgium). The pooled normal HBP samples 

were obtained from Innovative Research (USA). Alkane PEG-thiol with a carboxylic acid group (carboxyl 

PEG-thiol, TH 003-m11.n6-0.1) was purchased from Prochimia (Poland) and (11-mercaptoundecyl) 

triethyleneglycol (hydroxyl PEG-thiol, SPT-0011) was purchased from SensoPath Technologies Inc. 

(USA). Buffer solutions were prepared by using ultrapure water (arium pro, Sartorius Stedim) with all 

reagents used as received unless otherwise stated. 2-(N-Morpholino) ethanesulfonic acid (MES), acetic 

acid, sodium acetate (SA), sodium chloride, HEPES, PBS buffer tablets and argatroban monohydrate 

(MW = 526.65 g/mol) were purchased from Sigma-Aldrich (Austria). 1-Ethyl-3-(3-dimethylaminopropyl)-

carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were obtained from Thermo Scientific (Austria). 

CuCl2 (99.999%), 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane (Me4Cyclam, 98%) were 

purchased from Sigma-Aldrich (Germany). CuCl was purchased from abcr GmbH (Germany). Methanol 

(MeOH), ethanol (EtOH) were purchased from VWR Chemicals (Germany). Milli-Q water for the polymer 

synthesis was obtained using Elga™ US filter Purelab Plus UF purification system (PL5113 02) (United 

Kingdom). 

 

Preparation of plasmonic gratings 

A master structure of crossed relief grating was prepared by UV laser interference lithography as 

described before.52 It was cast to polydimethylsiloxane (PDMS, Sylgard 184 from Dow Corning, USA), 
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which was cured overnight at 60 °C. The PDMS structure was detached from the master and used as a 

working stamp for further replication by UV-nanoimprint lithography. The UV-curable polymer Amonil 

MS10 (Amo GmbH, Germany) was spun on a BK7 glass substrate at 3000 rpm for 120 s. The PDMS 

working stamp was placed on the top of the Amonil layer and the polymer was irradiated with UV light 

at λ = 365 nm with the irradiation dose of 2 J/cm2 (UV lamp Bio-Link 365, Vilber Lourmat). Then, the 

PDMS stamp was released from the UV-cured Amonil layer leaving an imprinted pattern of the master 

structure on the BK7 glass substrate. Subsequently, chromium (4 nm thickness) and gold (100 nm 

thickness) layers were deposited on the Amonil grating by vacuum thermal evaporation (HHV AUTO 306 

from HHV LTD, UK) in vacuum better than 10−6 mbar. The prepared GC-SPR sensor chips comprised an 

area that was structured and area that was flat and served as a reference in the optical measurements. 

 

Synthesis of poly(HPMA-co-CBMAA) brushes 

Ω-mercaptoundecyl bromoisobutyrate and N-(2-hydroxypropyl) methacrylamide (HPMA) were 

synthesized according to the literature.53,54 (3-methacryloylaminopropyl) - (2-carboxyethyl) -

dimethylammonium (carboxybetaine methacrylamide, CBMAA) was synthesized using a modification of 

procedure reported earlier.55 Shortly, the GC-SPR sensor chips with the gold film were immersed in 2.4 

mM solution of ω-mercaptoundecyl bromoisobutyrate in EtOH overnight to form SAM of the initiator. 

For the atom transfer radical polymerization (ATRP), 8 mL of MeOH and 8 mL of Milli-Q water were 

degassed in separated Schlenk flasks via seven freeze-pump-thaw cycles. Simultaneously, catalyst [CuCl2 

(6.1 mg, 78 μmol), CuCl (20.5 mg, 207 μmol), and Me4Cyclam (70.6 mg, 275 μmol)] and monomers  

[HPMA (1.4 g, 9.7 mmol) and CBMAA (409 mg, 1.7 mmol)] were placed in separated Schlenk flasks and 

degassed by a pump and refilled. 
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Figure 1. a) Synthesis and chemical structure of poly(HPMA-co-CBMAA) brushes on a gold surface by ATRP. b) 
Sensor chip surface with corrugated gold layer carrying nonfouling poly(HPMA-co-CBMAA) brushes for detection 
of thrombin. c) The AFM observation of the bare gold grating and the grating coated with polymer brushes. 

Subsequently, 4 mL of MeOH and 7 mL of Milli-Q water together with 3 mL of MeOH were transferred 

to the Schlenk flasks containing catalyst and monomers, respectively, under N2 atmosphere and were 

stirred until all solids were dissolved. Then, the obtained catalyst solution was mixed with the monomer 

solution using a gas-tight syringe under N2 atmosphere and transferred to previously degassed reactors 

containing GC-SPR sensor chip with SAM. The polymerization was carried out at 30 °C for 2 h. The 

samples were taken out from the reactors, washed with EtOH, Milli-Q water and dried with N2. The 

scheme of the polymerization is shown in Figure. 1a. 

 

Morphology measurements 

The morphology of the crossed relief grating before and after the modification with poly(HPMA-co-

CBMAA) brushes was observed by using atomic force microscopy (AFM, PicoPlus from Molecular 

Imaging, Agilent Technologies, Germany) in the tapping mode with tips PPP-NCHR-50 (Nanosensors, 

Switzerland). The acquired images were analyzed with the open-source software Gwyddion (version 

2.47 from gwyddion.net). The grafting of polymer brushes was monitored by measuring the thickness 

of dried polymer film using a spectroscopic ellipsometer M2000 (J.A.Woollam Co., USA) operated in 

rotating compensator mode. All measurements were performed in air at room temperature in the 

wavelength range of 350–1000 nm with a Xe-arc lamp light source and angle of incidence of 65, 70 and 

75°. The obtained data were analyzed with the CompleteEASE software using a transparent Cauchy-

type optical dispersion to model the polymer brushes. 

 

Optical setup of GC-SPR biosensor 

The in situ probing of the sensor surface was performed by using an in-house developed compact 

instrument (Figure. 2). The polychromatic light from a halogen light source (12V, HL-2000, Mikropack, 

USA) was coupled to an input arm of Y-optical fiber splitter (Ø 400 μm core, 0.39 NA, Thorlabs, UK). The 

light emitted from the output arm of Y-optical splitter was collimated by using a lens (focal length of 11 

mm, Thorlabs, UK) and made normally incident at the sensor surface in order to resonantly excite PSPs 

on its corrugated gold surface. A flow-cell with a chamber depth of 100 μm, length 10 mm, and width 

5 mm was clamped against the gold sensor surface in order to contain aqueous samples. The flow cell 

consisted of a thin PDMS gasket and a transparent glass with drilled input and output ports. The 

analyzed liquid samples were flowed through the flow-chamber by using a peristaltic pump (Ismatec, 

Switzerland) with a flow rate of 50 μL/min. The light reflected from the sensor surface was coupled back 

to the Y-optical fiber splitter that was connected to a spectrometer (HR4000, OceanOptics Inc., USA). 
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The measured spectrum of the light beam reflected from the grating surface was normalized with that 

acquired from the reference flat area on the sensor chip. The normalized reflectivity spectra R(λ) were 

processed by a dedicated LabView software56 and the spectral position of the resonant coupling to PSPs 

λSPR was tracked as a function of time t (Figure 2). The acquisition time of the SPR reflectivity spectra 

was set at 7 ms and in each measurement spot, 100 spectra were accumulated. 

The changes in the spectral position of GC-SPR reflectivity dip δλSPR were determined by fitting with an 

analytical function. The resonant wavelength changes δλSPR were calibrated by the measuring of sensor 

response to the flow of 1, 2 and 4 wt% water solutions of sucrose with known refractive indices 

(δns=1.4 × 10-3; 2.8 × 10-3; 5.6 × 10-3 RIU, respectively) in order to convert the sensor signal to refractive 

index units RIU. The refractive index sensitivity was determined as S=δλSPR/δns. From the SPR signal 

baseline, the standard deviation σ[λSPR(t)] of its noise was obtained and the refractive index resolution 

was obtained as σ/S. 

 

Immobilization of aptamers 

The HD1 or control aptamers with amine terminal group were covalently coupled to the carboxylic 

groups carried by the poly(HPMA-co-CBMAA) brushes. The coupling was monitored in situ by the use of 

GC-SPR and firstly, the baseline in λSPR(t) was established upon a flow of PBS (pH 7.4). Then, the surface 

was incubated with 10 mM SA buffer (pH 5.0) for 5 min and freshly prepared solution of EDC (0.4 M) 

and NHS (0.1 M) in 50 mM MES buffer (pH 6.0) was reacted with the brushes for 10 min in order to 

activate the carboxylic groups. Subsequently, the surface was rinsed with 10 mM SA (pH 5.0) and HEPES 

(pH 7.5) for 1 min each. The activated surface was exposed to 1 μM solution of the aptamer for 30 min 

and rinsed with HEPES (pH 7.5) for 5 min. Finally, the functionalized sensor surface was washed with 

PBS (pH 7.4) for 90 min to let the unreacted active ester groups hydrolyze. 

 

Observation of the fouling 

The fouling from undiluted HBP was monitored by using GC-SPR instrument. Four types of GC-SPR 

sensor chips with different surface chemistry were examined: unmodified gold, gold surface with a 

mixed SAM (form up overnight incubation in ethanolic solution with dissolved carboxyl PEG-thiol and 

hydroxyl PEG-thiol at ratio 1:10, respectively, and 1 mM total concentration), gold surface with pristine 

poly(HPMA-co-CBMAA) brushes and gold surface with poly(HPMA-co-CBMAA) brushes that were 

functionalized with HD1 aptamer. For each surface chemistry, a baseline in SPR signal λSPR(t) in PBS (pH 

7.4) was established for 5 min. Then, undiluted HBP that was spiked with 1 µL of argatroban 

monohydrate (stock 10 mg/ml) in final volume of 500 µL was flowed over each surface for 15 min, 

followed by the rinsing with PBS for 5 min. The amount of unspecifically bound species from HBP on the 
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sensor surface was determined in ng/mm2 from the difference in the sensor signal before λSPR and after 

the contact with the HBP by using the formula Γ = 1.5·δλSPR for polymer brushes and 0.85·δλSPR for bare 

gold (SPR wavelength shift δλSPR is in nm) based on numerical simulations discussed in the supporting 

information.  

 

Detection of thrombin 

The sensor chip with poly(HPMA-co-CBMAA) brushes functionalized with an aptamer ligand (specific 

HD1 or scrambled HD1 sequence) were used to detect thrombin in analyzed liquid samples (Figure 1b). 

There were prepared two types of samples that were spiked with a known concentration of thrombin. 

The PBS sample was spiked with thrombin at a concentration of c=1, 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 

22.5, and 25 nM. 1 µL of argatroban stock solution (10 mg/ml, c=19 mM) was added to the analyzed 

HBP sample, gently mixed and incubated for 5 min. Afterwards, the HBP sample was spiked with 

thrombin (stock 500 nM) to obtain c=5, 10, 15 and 20 nM in the final sample volume of 500 µL and 

gently mixed prior to the analysis by using GC-SPR. The measurement baseline in SPR sensor signal λSPR(t) 

was established upon a 5 min flow of PBS. Then, the sensor surface was exposed to the analyzed sample 

for 15 min and subsequently rinsed with PBS for 5 min. In order to regenerate the surface and release 

the affinity bound thrombin, aqueous solution with 2 M NaCl was flowed for 2 min. The sensor response 

ΔSPR was determined in μRIU from the difference in the SPR signal divided by refractive index sensitivity 

δλSPR(t)/S before and after the target analyte binding. Similarly, two types of control experiments were 

performed. All measurements carried in HBP were repeated three times in order to determine the 

standard deviation of the sensor response ΔSPR. The measured dependence of sensor response ΔSPR 

on the thrombin concentration c was fitted with Langmuir isotherm analytical function 

ΔSPR = ΔSPRmax×c/Kd/ (1+c/Kd) and where ΔSPRmax states for the response in saturation, Kd is the 

equilibrium dissociation affinity constant. The limit of detection (LOD) was defined as a concentration 

where 3 times the standard deviation of the baseline signal 3×σ[λSPR(t)] intersects the Langmuir fit of 

the calibration curve. 

 

Results and discussion 

Characterization of the compact sensor and its chips 

The crossed relief grating structure was fabricated by using the UV-nanoimprint lithography followed 

by the coating with 100 nm thick gold layer in order to resonantly couple incident light beam to PSPs. 

The polymer brushes were subsequently synthesized on top of the gold film in order to provide 

biointerface resistant to fouling from HBP. The surface of the diffraction grating with and without 

polymer brushes was analyzed by AFM as shown in Figure 1c. The period of the gold-coated grating with 
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sinusoidal profile was determined as Ʌ=434 ± 16 nm and the corrugation depth h=29.5 ± 3.5 nm. After 

the synthesis of the polymer brushes with a thickness of d=35 ± 7 nm, the grating corrugation depth 

decreased to d=13.2 ± 1.6 nm and reduced roughness of the topography was observed (Figure S1). 

These phenomena can be explained by the fact that after their drying, the flexible polymer chains 

rearrange and tends to fill the concave areas of the grating. 

The plasmonic grating structure on the top of the sensor chip was attached to a flow cell and loaded to 

the compact optical reader (see Figure 2a). The resonant excitation of PSPs on the bare gold grating is 

manifested as a narrow dip in the wavelength reflectivity spectrum R(λ). It occurs at a wavelength λSPR, 

where the normally incident wave and PSPs are phase-matched due to the diffraction on the grating 

periodic corrugation. The momentum of the PSP waves is equal to the grating momentum Re{kPSP(λ)} = 

2π/Λ for the herein used first diffraction order coupling, which is fulfilled at a wavelength 

λSPR = 635.8 nm (see the spectral position of the reflectivity dip in Figure 2b). After the synthesis of 

poly(HPMA-co-CBMAA) brushes on the top of the gold grating, the resonant wavelength shifts to λSPR = 

655.1 nm due to an increase of the surface mass density Γ. 

Importantly, the presence of polymer brushes (with a thickness of d=35 nm) affects the sensitivity of 

the SPR sensor S to the refractive index changes occurring on its surface. The reason is that the polymer 

occupies part of the volume that is probed by the evanescent field of PSPs with a decay length of about 

Lp~100 nm. By measuring the detuning of λSPR due to the refractive index change ns of an aqueous 

solution spiked with sucrose (Figure S2), the sensitivity of S = 459 ± 20 nm/RIU was determined for the 

GC-SPR chip without the polymer brushes. This value agrees with previous GC-SPR measurements at a 

similar wavelength.56 On the same chips that carried the polymer brushes biointerface architecture the 

sensitivity decreased about twice to S = 238.3 ± 5.4 nm/RIU. The baseline of the SPR sensor signal 

exhibited the noise with the standard deviation of σ = 3×10-3 nm, which translates to the instrument 

refractive index resolution of 6 × 10-6 RIU without the brushes and 1.1 × 10-5 ± RIU with the brushes. It 

is worth of noting that more than an order of magnitude better resolution can be achieved with more 

advanced engineering of GC-SPR sensor instrument, however, then more sophisticated stabilization 

(e.g. temperature) has to be implemented.29  
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Figure 2. a) A photograph of the compact GC-SPR instrument. b) The SPR spectra obtained from the gold grating, 
grating modified with pristine polymer brushes and after the immobilization of the aptamer and c) The sensorgram 
showing detection of thrombin in PBS by using a plasmonic grating chip modified with poly(HPMA-co-CBMAA) 
brush and HD1 aptamer. 

 

Immobilization of the aptamers 

In order to allow for the specific capture of target analyte at the sensor surface, the aptamer receptors 

were tethered to polymer brushes. The immobilization of thrombin-specific HD1 aptamer or scrambled 

control aptamer was performed in-situ and monitored by GC-SPR. The reflectivity spectra R(λ) (Figure 

2b) and respective SPR sensor signal kinetics λSPR(t) (Figure S3a) show that after the immobilization of 

the aptamer, the resonance shifts to longer wavelengths. After 30 min, non-covalently bound aptamers 

were washed from the surface with a PBS buffer. A shift in the position of the SPR resonance ΔλSPR of 

about 0.5 nm was observed after the immobilization of the HD1 aptamer on the sensor surface which 

corresponds to the 2.3 ± 0.9 mRIU for HD1 thrombin specific aptamer and 2.4 ± 0.1 mRIU for the 

scrambled sequence of HD1 aptamer (Figure S3b). 
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Investigation of the fouling of biointerface architectures 

The fouling from undiluted HBP was observed from SPR signal measured upon the contact of the sensor 

surface with a sample and it was quantified in terms of the surface mass density change Γ determined 

after the rinsing of the surface with PBS. Besides the polymer brushes-coated gold grating surfaces, also 

a sensor chips carrying a layer of bare gold and gold modified with PEG-thiol SAM were examined for 

comparison. Figure 3a shows the SPR sensor signal measured upon the 15 min flow of HBP over each 

type of surface followed by the rinsing. These data show that the injection of HPB rapidly shifts the SPR 

wavelength due to the bulk refractive index change Δns. Afterwards, there is observed a slower gradual 

increase in the SPR signal on the bare and PEG-thiol modified gold surface due to the adsorption of HPB 

constituents. Importantly, much smaller gradual changes in SPR signal are measured on the polymer 

brushes, which indicates weaker unspecific interaction with HBP. After the rinsing with PBS, the SPR 

signal rapidly decreases owing to a change in the bulk refractive index Δns and it reaches an equilibrium 

after 5 min. The surface mass density of the irreversibly deposited constituents Γ was determined from 

the change in the SPR signal baseline before and after the exposure to HBP as summarized in Figure 3b. 

In agreement with the previous studies,46 there was observed no measurable change in Γ for pristine 

brushes demonstrating that the anti-fouling properties are not affected by the grating topology.  These 

characteristics are superior to the bare gold (Γ=0.66 ng/mm2) and conventional gold modified with PEG-

thiol SAM (Γ=0.59 ng/mm2). 
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Figure 3. a) The sensorgram showing fouling of the examined surfaces to 100% plasma with 38 µM argatroban: 
gold - bare gold, SAM - gold modified with a thiol-based SAM, pristine PB - gold modified with polymer brushes, 
func. PB - gold modified with polymer brushes that were functionalized with HD1 aptamer. b) The averaged protein 
adsorption Γ reflecting fouling of each surface to 100% plasma with 38 µM argatroban. 

However, in contrast to previous study45 (in which a protein ligand was immobilized to similar brushes) 

we observed a significant increase in the surface mass density (Γ=0.09 ng/mm2) for the brushes that 

were functionalized with the HD1 DNA aptamer. This observation indicates that the presence of 

negatively charged DNA strands can impair more severely the anti-fouling properties, but it also can be 

attributed to the capture of endogenous thrombin that is natively present in the tested pooled HBP at 

pM concentrations.57,58 In order to elucidate between these two possible contributions, we also 

measured the fouling for the HD1 aptamer-functionalized brushes from HBP that was spiked with the 

same HD1 aptamer. Then, we observed about two-times lower surface mass density increase (Γ=0.04 

ng/mm2), which can be ascribed to the blocking of the thrombin present in the sample and thus 

preventing its specific capture by the sensor HD1 aptamer tethered to the surface. Therefore, about 

50% of the observed SPR response can be ascribed to the fouling and it should be highlighted that it 
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corresponds to about 7% of the value observed on (even non-functionalized) PEG-thiol SAM that is 

widely accepted as standard low-fouling surface architecture. 

 

Detection of thrombin 

The developed GC-SPR sensor chip with poly(HPMA-co-CBMAA) brushes was used for the detection of 

thrombin in model PBS and undiluted HBP samples. The polymer brushes were functionalized either 

with thrombin-specific aptamer HD1 or by an aptamer with a scrambled sequence of nucleotides in 

order to serve as a negative control. There were prepared a series of HBP samples spiked with 38 µM 

argatroban and thrombin in the concentration range from c=1 to 25 nM. The impact of argatroban on 

a thrombin detection assay was investigated and it was confirmed that the argatroban does not 

interfere with the aptamer binding site (Figure S4). As can be seen in Figure 2c and Figure 4a, prepared 

samples were subsequently analyzed with the SPR sensor signal λSPR/S aquired in time. Each sample was 

flowed through the sensor for 15 min followed by rinsing with PBS and regeneration of the surface by 

introducing an aqueous solution of NaCl (2 M), which weakens the thrombin-HD1 affinity binding. 

Importantly, the regeneration has been complete and lead to washing off all of the specifically captured 

thrombin as well as unspecifically adsorbed abundant HBP constituents. The control experiment was 

performed analogously in sensor chips with the polymer brushes functionalized with a scrambled 

sequence of the HD1 aptamer that does not form a G-quadruplex structure which is indispensable for 

the binding of thrombin. 

As there is indicated in Figure 4a, the sensor response ΔSPR due to the binding of thrombin was 

determined from the SPR signal changes before the injection of a sample and after the rising with PBS 

prior to the regeneration step. The calibration curves were established for detection of thrombin in PBS 

(blue symbols in Figure 4b) and HBP (red symbols in Figure 4b). These data were fitted by using the 

Langmuir isotherm and the obtained dissociation equilibrium constant were of Kd=3.7 and 22 nM for 

the PBS and HBP samples, respectively. Such variation can be attributed to potential interaction of 

immobilized HD1 aptamer with other constituents that are present in HBP and not in PBS. These can 

include the background thrombin level in used pooled plasma (which would lead to false concentration 

of thrombin) and to the presence of ions and macromolecules that amend the balance of aptamer 

intermolecular interactions. It is worth of noting that the obtained Kd values fall in the range that was 

reported in the literature and measured by using the aptamers utilized for heterogeneous assays59,60 as 

well as homogeneous assays.61,62 By taking into account the noise of the sensor signal, the limit of 

detection was determined as LOD=0.15 and 1.1 nM for the PBS and HBP, respectively. In addition, 

squares in Figure 4b represent two control experiments obtained with the scrambled aptamer sequence 

in PBS (blue color) and human plasma (red color). An additional control experiment was performed by 
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using HBP samples containing 38 µM argatroban that were spiked with 1 μM HD1 or scrambled control 

aptamer (Figure S5). The obtained data are in the good agreement with the values that were obtained 

in the direct assay in HBP. 

 

 

Figure 4. a) The sensorgram showing detection of thrombin in 100% plasma. b) The normalized SPR response vs. 
concentration of thrombin measured in PBS (blue) (n = 1) and 100% plasma (red) (n = 3) by using the brushes 
functionalized with HD1 aptamer (triangles) or with control aptamer (squares). 

 

Conclusions 

An optical biosensor platform for rapid direct monitoring of thrombin in HBP was established based on 

grating-coupled SPR readout. The specific detection of thrombin that is not impeded by the interfering 

adsorption of proteins from HBP was achieved by using the thrombin aptamers and advanced 

biointerface architecture comprising nonfouling poly(HPMA-co-CBMAA) brushes. We demonstrated the 

label-free detection of thrombin content in undiluted human blood plasma is possible in 15 min with 

LOD of 1.1 nM. The grating-coupled SPR sensor was implemented to a compact portable system making 
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its deployment outside specialized optical laboratories possible. The further miniaturization of each 

individual component of the optical system can be pursued by future opto-electrical engineering paving 

the way towards hand-held POC device. Despite further investigations are needed to carry out (including 

tests on clinical samples) in order to evaluate the diagnostic value of the presented biosensor, the 

reported performance shows that the implementation of this technology to a diagnostic tool to monitor 

coagulation status of patients at risk of thrombosis is possible. The coagulation process occurs once the 

level of thrombin in blood has reached approximately 5 – 20 nM63,64 and at the end of the clot formation, 

the concentration of thrombin can reach several hundred nM.65 Therefore, it is postulated that the level 

of thrombin in the range of 5 – 20 nM indicates a high risk of thrombosis and these values are within 

the detection range of reported sensor.  

 

Associated content  

Supporting Information Available: The following files are available free of charge. Kotlarek_ACS 

Sensors_supporting information.pdf. It contains information on the topography changes of grating 

corrugation after the coating with antifouling polymer brushes and calibration of the sensor. In addition, 

GC-SPR sensorgrams for the functionalization of sensor chips are provided together with an impact of 

argatroban to the assay performance and control thrombin assay.  
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Supporting information 

Morphology measurements of poly(HPMA-co-CBMAA) brushes 

 

Figure S1. The cross-section of the structure profile of the bare gold grating and grating coated with polymer 
brushes observed by AFM. 

 

Calibration of the SPR response with sucrose solutions 

 

Figure S2. The sensorgram showing the SPR response to 1, 2 and 4% sucrose solutions by using bare gold grating 
(blue) and gold grating modified with polymer brushes (green). 
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Immobilization of HD1 and control aptamer on poly(HPMA-co-CBMAA) brush 

 

 

Figure S3. a) The sensorgram showing immobilization of the HD1 aptamer on the polymer brushes. b) The averaged 
SPR response reflecting immobilization of the HD1 specific thrombin aptamer (n = 7) and scrambled HD1 control 
aptamer (n = 3). 
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Impact of argatroban on the thrombin detection assay 

 

 

Figure S4. The averaged SPR response obtained by contacting indicated samples with plasmonic grating chip 
modified with poly(HPMA-co-CBMAA) brush and HD1 aptamer. AGT corresponds to addition of 38 µM argatroban 
to the sample (n = 3). 

 

Control experiment in HBP by using functionalized poly(HPMA-co-CBMAA) brush 

In this approach the analyzed plasma samples containing 38 µM argatroban were spiked with a known 

concentration of thrombin and additionally 1 μM HD1 or scrambled control aptamer. The samples were 

analyzed on the SPR chip comprising polymer brushes that were functionalized with HD1 aptamer. Fig. 

S5 illustrates the calibration curves for each assay. As it was expected the HD1 aptamer in the solution 

competes with the receptor that is coupled to the surface of polymer brushes and prevents binding of 

thrombin. In contrast, the scrambled aptamer in the solution does not bind to thrombin and allows for 

its capture on the surface by the HD1 aptamer. The LOD = 1.4 nM was determined for the curve with 

the scrambled aptamer in the solution. This data are in the good agreement with the values that were 

obtained in the direct assay in plasma (Fig. 4). 
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Figure S5. The normalized SPR response vs. concentration of thrombin measured in 100% plasma with addition of 
HD1 aptamer (red) or control aptamer (blue) by using the brushes functionalized with HD1 aptamer. 

 

Table S1. Comparison of the Kd values reported in the literature for HD1 aptamers in solution. 

Aptamer Sequnece Kd [nM] Medium Method Reference 

HD1 

5′-FAM- GGT-TGG-

TGT-GGT-TGG-

DABCYL-3′ 

5.20 ± 

0.49 

Physiological 

buffer* 
Fluorescence Li et al., (2002) 

HD1 
5′-GGT-TGG-TGT-

GGT-TGG-3′ 
16 ± 2 

2 µM 

fibrinogen 

solution 

Turbidimetric 

assay 

Zavyalova et 

al., (2016) 

HD1 
5′-Cy5-GGT-TGG-TGT-

GGT-TGG-3′ 
104.7 

Reaction 

buffer 

MicroScale 

Thermophoresis 

Breitsprecher 

et al., (2016) 

HD1 
5′-GGT-TGG-TGT-

GGT-TGG-3′ 
123.1±7.2 PBS 

Filter retention 

experiments 

Müller et al., 

(2007) 

HD1 
5′-Cy5-GGT-TGG-TGT-

GGT-TGG-3′ 
132.1 

Fetal calf 

serum 

MicroScale 

Thermophoresis 

Breitsprecher 

et al., (2016) 

* 20 mM Tris–HCl (pH 7.4), 140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 5% (v/v) glycerol 
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Simulations of GCSPR sensitivity 

Optical simulations of shifts of GC-SPR dip in the wavelength reflectivity spectrum was simulated for the 

geometry consisting of sinusoidal gold corrugation grating (modulationd depth 30 nm, period Λ=434 

nm), polymer brushes described by a dielectric layer with a thickness of d=30 nm and refractive index 

of nb=1.45, and water with refractive index ns=1.33 on the top. The presence of biomolecules on the top 

of a bare gold surface and on the top of the brushes was manifested as a dielectric adlayer with the 

thickness of dl=5 nm and refractive index nl=1.45. This adlayer correspondes to a surface mass density 

of biomolecules of Γ=3 ng/mm2 based on the the equation Γ=(nl–ns)×dl/(∂n/∂c), where the factor 

∂n/∂c=0.2 mm3/mg relates the changes in refractive index and concentration c of molecules in the layer. 

From the results presented in Figure S5 follows that the GC-SPR dip shifts with the presence of the 

adlayer by δλSPR=2 mn for the polymer brushes and δλSPR=3.5 mn for the bare gold surface. Therefore 

the GC-SPR wavelength shift due to the surface mass density increase on the polymer brushes was 

determined as Γ/ δλSPR =0.66 ng mm-2nm-1 and Γ/ δλSPR =1.2 ng mm-2nm-1 for the bare gold. These 

simulations were carried out by the numerical model based on the finite element method that was 

implemented in a diffraction grating solver DiPoG (Weierstrass Institute, Germany). 
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Figure S6. Reflectivity spectra simulated for GC-SPR on gold grating with and without polymer brushes on the top 
and an ad-layer with thickness of dl=5 nm and refractive index of 1.45 (corresponding to surface mass density of 
Γ=3 ng/mm2) on the top. 
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4. SUMMARY AND OUTLOOK 

 

This multidisciplinary project capitalizes on plasmonics, surface chemistry, and assay 

development to design and implement the plasmonic biosensor device for thrombin detection in 

human blood samples.  

On the route to achieving this ultimate goal, firstly, three aptamer sequences have been tested 

for their affinity to thrombin. Two of them, HD1 and HD22, exhibited single-digit nanomolar Kd 

values, which predisposed them to serve as biorecognition elements in the subsequent assay 

development. Then, these aptamers were exposed to the buffer solutions spiked with selected 

proteins such as albumin, IgG, and prothrombin to check the possible cross-reactivity of the sensor 

with other species abundant in blood. This experiment revealed that HD1 aptamer interacts with 

prothrombin with the relatively high affinity of Kd=39 nM, while HD22 was selective only to 

thrombin. In the next step, two distinct sensor coatings (thiol-SAM and polymer brushes) with anti-

fouling properties were compared for their capacity to immobilize aptamers and detect thrombin 

in buffer and diluted human blood. The polymer brushes turned to be superior in terms of surface 

packing, amount of detected thrombin molecules, and prevention of sensor contamination from a 

complex biological sample. 

In the second part of this project, an in-depth study of the optical properties of a novel to state-

of-the-art plasmonic nanostructure supported by a thermo-responsive hydrogel was carried out. 

Periodic nanohole arrays (NHA) coupled with arrays of nanoparticles (NP) were designed and 

manufactured to advance the following aspect of the biosensor: 

• minimize the size of the sensor chip by using the nanometer-scale structures coated by a gold 

layer 

• simplify the optical setup by replacing the angular interrogation with a transmission wavelength 

spectrum readout 

• introduce additional optical properties such as multiple plasmonic modes that can be 

monitored simultaneously and modulated by the thermo-responsive hydrogel cushion for signal 

enhancement 

• replacement of the microfluidics by wettable properties of the underneath hydrogel layer 

The multiple plasmonic modes were achieved by combining nanohole arrays and nanoparticles into one 

NHA+NP structure. Three plasmonic modes were identified and assigned to the particular areas of the 

NHA+NP throughout the experimental work aided by computational simulations. Also, the temperature-

dependent spectral positions of the modes were investigated to actively tune the plasmonic properties 
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by swelling and collapsing the thermo-responsive polymer network. Finally, the developed 

nanostructures were used to probe the binding events in the model assay with IgG molecules by 

transmission wavelength spectroscopy and 4-MBA in the SERS experiment. Although the time 

restrictions of the project did not allow for the optimization of the aptamer-thrombin assay on the 

developed nanostructure, these results constitute a concrete step toward implementing this thrombin 

assay on the miniaturized sensor chip with the advanced plasmonic properties. 

 As this project aimed at detecting medically relevant molecules in bodily fluids such as blood and 

plasma, the new type of hydrogel, polyisocyanide (PIC) copolymer, was tested for its implementation to 

the SPR-based sensor. Although the PIC polymer is fully synthetic, it was reported to mimic naturally 

occurring polymers by its stress-stiffening and excellent biocompatibility with cells and tissues. 

Therefore, this material bridges a fully controllable synthesis and shelf-life of artificial polymers with 

comprehensive bio-properties of natural hydrogels. Up to our knowledge, PIC copolymer was used for 

biosensing for the first time in this study. Firstly, the deposition and the optical properties of the PIC 

thin layers on the senor surface were tested. Then, these layers were postmodified and used for sensing 

with a model bioassay based on the fluorescently labeled anti-mouse IgG molecules and optical 

waveguide spectroscopy combined with fluorescence spectroscopy. Finally, the antifouling properties 

were tested in undiluted serum and plasma and 10% human blood. After 45 min exposure to various 

blood-derived samples, PIC showed a satisfactory prevention level from the biological contaminates. 

Future studies with PIC polymer applied as a biocompatible active surface can bring exciting 

developments in the field of in vitro and in vivo sensing. 

 In the last stage of the project, the gathered information was used to build up a complete portable 

plasmonic device for detecting thrombin in undiluted plasma. Instead of the standard flat sensor chip 

coupled to the prism, the periodically corrugated surface of a metallic grating was used. This allowed 

for excitation of the surface plasmons without needing a bulky prism with a rotation stage for the 

angular interrogation. As a result, the optical setup was miniaturized to a sample stage with an 

integrated fiber optic splitter, a light source, and the spectrophotometer. To assure the resistance to 

fouling from the biological matrices, the sensor grating was coated with up-to-date best-performing 

anti-fouling material: poly[(N-(2-hydroxypropyl)-methacrylamide)-co-(carboxybetaine 

methacrylamide)] brushes. The brushes were then functionalized with the HD1 aptamer to investigate 

thrombin levels in the undiluted plasma samples. As a result, the presented sensor device provides a 

low nanomolar limit for detecting thrombin that is sufficient to monitor the risk of thrombotic events. 

 The presented device is a prototype that has been constructed in academic settings leaving room 

for further improvements. For instance, the biosensor can be miniaturized to the hand-held size with 

the help of more sophisticated optical, microfluidic, and electrical systems. In addition, one can envision 
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a parallel measurement of multiple blood samples. The indisputable advantage of the SPR  sensor chips 

is that the measurement area is small and size down to the propagation length of surface plasmon 

modes. Thus, a chip with the dimensions of 1x1 cm can accommodate tens of separate channels to 

measure multiple samples (providing an appropriate construction of optical and microfluidic 

components).  

The other important aspect worth pointing out is the detection assay based on aptamer 

biorecognition elements. In this study, the stability of the aptamers immobilized on the sensor surface 

and exposed to the biological samples was not impaired throughout more than 120 minutes of the 

experiment. This result is satisfactory giving that screening measurements of patients will be relatively 

short, e.g., 15 min. However, being aware of the presence of the endogenous DNases in the biological 

samples, the stability of the aptamers should be routinely controlled at different time points by 

introducing a reference sample. As the HD1 aptamer showed cross-reactivity with prothrombin (a 

proenzyme cleaved upon coagulation start), the HD22 aptamer is recommended as a biorecognition 

element to avoid false-positive signals. Importantly, detection of thrombin with HD22 aptamer resulted 

in a worse detection limit (less thrombin could be detected) than with HD1 aptamer. However, the 

refractive index resolution of the presented instrument can be improved by one order of magnitude by 

the implementation of temperature stabilization and more sensitive optics.  

Finally, to validate the assay for the diagnostics setting, a study should be performed on a significant 

number of patients suffering from thrombosis, and the results should be compared to the group of 

healthy individuals. Moreover, a stringent protocol for blood preparation, loading of the sample, 

readout, and reference values should be established across all diagnostic centers. The proposed sensing 

approach with a portable SPR-based detection setup holds the potential to be readily applicable to other 

medically relevant molecules present in the biological fluids. 
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LIST OF ABBREVIATIONS  

 

AFM   atomic force microscopy 

APC   activated protein C 

aPTT   activated partial thromboplastin time 

ATIII   antithrombin III 

ECLS   extracorporeal life support 

ECM   extracellular matrix 

F1+2   prothrombin fragment 1+2 

FDPs   fibrin degradation products 

FPA    fibrinopeptide A 

IHD    ischemic heart disease 

IS    ischemic stroke 

LMWH   low-molecular-weight heparin 

LSPR   localized surface plasmon resonance 

NOACs   non-vitamin K antagonist oral anticoagulants 

OEG   (oligo)ethylene glycol 

PAI-1   plasminogen activator inhibitor type 1 

PCR   polymerase chain reaction 

PEG   poly(ethylene glycol) 

PT    prothrombin time 

PTE    pulmonary thromboembolism 

PT/INR   prothrombin time/international normalized ratio method 

ROTEM®  thromboelastometry 

SAM   self-assembled monolayer 

SELEX   Systematic Evolution of Ligands by Exponential Enrichment 

SIP    surface-initiated polymerization 

TAFI   thrombin-activatable inhibitor of fibrinolysis 

TAT    thrombin-antithrombin complex 

TEG®   thromboelastography 

TF    tissue factor 

TFPI   tissue factor pathway inhibitor 

TM    thrombomodulin  
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tPA    tissue-type plasminogen activator 

uPA   urokinase-type plasminogen activator 

VKAs   vitamin K antagonists 

vWF   von Willebrand factor 


