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Chemically crosslinked, poly(ethylene glycol) based hydrogel nanomembranes can be 

functionalized with specific receptors and, subsequently, with specifically bound proteins, 

providing, at the same time, stable, protein-repelling matrix. 

  

Page 2 of 22Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
9 

M
ar

ch
 2

01
6.

 D
ow

nl
oa

de
d 

by
 T

ul
an

e 
U

ni
ve

rs
ity

 o
n 

03
/0

4/
20

16
 1

1:
15

:1
2.

 

View Article Online
DOI: 10.1039/C5CP07840G

http://dx.doi.org/10.1039/c5cp07840g


3 

 

 

 

 

 

Abstract 

 

Poly(ethylene glycol) based hydrogel nanomembranes (PHMs) are demonstrated to be able to 

host protein-specific receptors, providing, at the same time, stable, protein-repelling matrix 

with a characteristic mesh size up to 7-8 nm. The membranes were prepared by crosslinking 

of amino- and epoxy-terminated STAR-PEG precursors and maintained their hydrogel and 

protein-repelling properties even at a deviation of the precursor composition from the 

equilibrium value (1:1). The grafting density of the test avidin protein, specifically attached to 

the biotin moieties coupled to the free amine groups in the PHMs, varied from 0.45×10
12

 to 

1.3×10
12

 proteins/cm
2
 within the sampling depth of the experiments (~11.5 nm), depending on 

the precursor composition, whereas the analogous values for the non-specifically adsorbed 

proteins were lower by a factor of 4-5. The engineering of PHMs with biomolecule-specific 

receptors and their loading with biomolecules are of potential interest for sensor fabrication 

and biomedical applications, including tissue engineering and regenerative therapy.  
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Introduction 

Specifically designed molecular and macromolecular films are of potential interest for 

biological and biomedical research as well as for a variety of practical applications such as 

sensor fabrication, medical diagnostics and therapy. In particular, they can be useful for 

mimicking biological interfaces, cell research, proteomics, fabrication of different assays, and 

pharmaceutical and medicine screening. Among other systems, biocompatible hydrogel films, 

based mostly on crosslinked poly(ethylene glycols) (PEGs) have recently attracted significant 

attention due to flexibility of their design and a variety of potentially useful properties.
1-9

 As 

mentioned in a recent review,
6
 these properties include biocompatibility, non-fouling 

behaviour, non-toxicity, high optical quality and transparency. Possible applications include 

design of optical sensors,
6
 fabrication of model immunoprotective barriers for cell research,

3,8
 

storage and controlled release of drugs,
5
 preparation of biofunctionalized microchannels for 

dynamic cell adhesion studies,
7
 and protein affinity experiments.

1,2,4,9
 In the latter case, 

hydrogel film is typically used as a non-fouling matrix while specific receptors for adhesion 

of proteins or other biomolecules are imbedded or attached covalently to the molecular 

network.
1,2,4,9

 The mesh size and the extent of crosslinking in the matrix can be additionally 

varied, affecting the diffusion of the proteins and their final conformation as well as 

accessibility of the receptors.
3,8

  

Recently, we designed a novel type of biocompatible hydrogel films which can also be easily 

separated from the substrate and serve as ultrathin membranes that are sufficiently robust and 

extremely elastic.
10,11

 These films and membranes were synthesized by thermally-activated 

crosslinking of amine- and epoxy-functionalized star-branched PEG precursors.
10

 Their 

thickness can be precisely tuned between 4 and 200 nm, by varying the concentration of the 

precursors in the primary solution.
10,11

 The resulting PEG hydrogel films and membranes, 

abbreviated below as PHFs and PHMs, respectively, can serve as precursors for hybrid 

nanoparticle-PEG assembles,
10

 versatile templates for electron lithography,
12

 potential highly 

sensitive sensing elements in microelectromechanical systems (MEMS) applications,
11

 

transient membranes for preparation of nanoparticle patterns on arbitrary substrates,
13

 and 

sensing elements of humidity sensors.
14

 Among other useful properties, PHFs and PHMs are 

characterized by high degree of biocompatibility, exhibiting distinct protein-repelling 

behavior,
10

 which, potentially, renders them capable to be a suitable platform for biomedical 

and biosensor applications, relying on embedding of specific receptors for subsequent binding 

and sensing of proteins and other biomolecules. The tethering of these receptors should not 
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involve the PEG network itself, guaranteeing persistent biocompatibility, but rely on a 

covalent linkage to chemically active groups in the PHFs and PHMs. As such groups, non-

reacted, "free" amino and epoxy moieties can be considered. Their density is not high, since 

most of them react, building the crosslinking network in the course of PHF fabrication,
10

 but 

probably, still sufficient to achieve reasonable grafting density of the receptors.    

In this context, in the present study, we tested specifically the presence of non-reacted, "free" 

amino and epoxy moieties in the model PHMs, as well as monitored the presence of hydroxy 

groups, associated with the crosslinking points of the PEG network and being also alternative 

docking groups for attachment of specific receptors. Along with the characterization of the 

PHMs prepared at the equilibrium composition of the precursors, PHMs fabricated at different 

precursor compositions were studied as well, to vary the density of potentially reactive sites 

for tethering to the specific receptors. The robustness and swelling properties of these PHMs 

were monitored under controlled conditions, to be sure that they represent suitable and stable 

hydrogel-like matrix for the derivatization and biofunctionalization experiments. Finally, the 

receptor functionalized PHMs were tested for both specific and non-specific protein affinity, 

using several model proteins. 

 

Experimental  

Materials. Most of the chemicals were purchased from Sigma-Aldrich (otherwise indicated), 

viz. trifluoroacetic anhydride (TFAA; ≥99.0%), 4-(trifluoromethyl)benzylamine (TFMBA; 

97%), triethylamine (NEt3; ≥99.5%), trimethylsilyl-imidizole (TMSI; ≥98%), avidin (A9257), 

bovine serum albumin (BSA; A2153), albumin (Alb; A5503). NHS-Biotin was purchased 

from APExBIO (A8002).  

Nanomembrane preparation. The PHMs were prepared by the previously established 

technique (Figure 1),
10

 from the epoxy/amine-terminated four-arm STAR-PEGs with Mn = 

2000 g/mol (Creative PEGWorks), abbreviated as STAR2k-EPX and STAR2k-NH2, 

respectively. According to the molecular weight, the PEG arms include 10-11 monomers, 

corresponding to an arm length of 3.5-3.9 nm. The PEG compounds were separately dissolved 

in chloroform, mixed together with the joint concentration of either 5 mg/mL (thin 

membranes) or 20 mg/mL (thick membranes), spin-coated onto an Au (111) substrate (Georg-

Albert-PVD, Germany), crosslinked by prolonged thermal annealing (6 h, 80°C), and 

ultrasonicated to remove weakly bound material. In contrast to the previous work where the 

complementary PEG compounds, serving as precursors for the membrane fabrication, were 
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exclusively mixed in the equilibrium 1:1 ratio,
10-14

 their relative concentration was varied this 

time, with STAR2k-NH2/STAR2k-EPX (amine/epoxy) ratios of 1:1.25, 1:1, 1:0.8 and 1:0.6. 

The joint concentration of the STAR2k materials was, however, kept constant, as mentioned 

above. 

Swelling properties. The swelling properties of the PHMs were investigated by a 

spectroscopic ellipsometer (M-44, J.A. Woollam) at a fixed angle of 75° using the 

methodology of our previous study
14

 adapted, with minor modifications, from ref 15.  Briefly, 

the relative humidity, RH, was varied between 5% to 80% in a controlled fashion by passing 

nitrogen gas flow through two parallel-adjusted PYREX gas washing bottles filled with pure 

water and concentrated sulfuric acid, respectively. The branching of the gas flow stemming 

from these bottles was precisely adjusted by three-way valves (Rotilabo-tubing valves), 

leading to certain RH values measured by a commercially available hygrometer (BL-20 TRH 

thermo/hygrometer, RH ± 3.5%).   

Chemical derivatization. The tracing of potential docking groups in the PHMs, viz. hydroxy, 

epoxy, and amine, was carried out by their derivatization, using specific reagents for each of 

these moieties, as shown in Figure 1. Such a derivatization is a frequently used procedure 

applied for identification and monitoring of specific functional groups in thin films and on 

complex organic surfaces.
16-18

 In the given case, the tracing of the hydroxyl moieties 

(crosslinking points) was performed by their derivatization with TMSI using pyridine as 

solvent (1:4) for 6 h at 60 
o
C, with subsequent monitoring of the characteristic Si 2p 

photoemission signal (steps 2 and 3 in Figure 1). The tracing of epoxy groups was conducted 

by their derivatization with TFMBA. Accordingly, a pristine membrane was treated with 

TFMBA in ethanol (300 mM), having 1.5 equivalent of NEt3, for 24 h at room temperature,  

with subsequent monitoring of the characteristic F 1s photoemission signal (steps 4 and 5 in 

Figure 1). At the same time, the above tracing of the epoxy groups served as the first steps in 

the many-steps procedure for tracing of the amine groups. In the subsequent step (step 6 in 

Figure 1), all hydroxyl groups, originated from both original crosslinking points and epoxy 

derivatization, were quenched with TMSI to exclude them from the reaction with TFAA, used 

for the subsequent tracing of the amine group in the final step of the derivatization procedure 

(step 7 in Figure 1). Accordingly, the membranes were exposed to TFAA (25%) in anhydrous 

dioxane at ambient temperature for 24 h, with subsequent monitoring of the characteristic F 1s 

photoemission signal (step 8 in Figure 1), corrected for the analogous signal of TFMBA 

(measured in step 5 as shown in Figure 1). 
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Biofunctionalization. The procedure is illustrated in Figure 2. Among the potentially 

available docking sites, free amino groups were selected as representative binding sites for the 

biofunctionalization of PHMs. The procedure was relied on the reaction between these groups 

in the membranes and the NHS moieties of the NHS-biotin used as the functionalization 

agent. Such a reaction is frequently used to tether biotin to organic films and solid surfaces.
19-

21
 In the given case, NHS-biotin (4 mg/mL) was dissolved in DMSO and ultrasonicated for 

about 5 min to dissolve completely. PHMs were incubated in this biotin solution for 2 h at 

ambient conditions, as illustrated in Figure 2. After the reaction, the membranes (denoted 

below as PHM-Bio) were successively rinsed with pure water and ethanol and, finally, dried 

in Ar.  

Protein adsorption. The procedure is illustrated in Figure 2. Both specific and non-specific 

protein affinity of the biotin-functionalized membranes was monitored using avidin, bovine 

serum albumin (BSA), and albumin as test proteins. Note that these particular proteins are 

well suited and frequently used to check protein adhesion and repelling of thin films and 

biochemical arrays.
22-24 

They have similar molecular weights (66-67 kDA) and compact form 

and are therefore well suited for the affinity experiments involving comparison of specific and 

non-specific events. The protein solutions (equimolar) were prepared by dissolving 0.15 

mg/mL of the respective proteins in PBS (pH ~7.4, corresponding to physiological 

conditions). The affinity of PHM-Bio to specific protein adsorption was tested by their 

immersion into the solution of avidin (Figure 2) which makes specific binding to biotin.
22-24

 

The non-specific adsorption of proteins on PHM-Bio was tested by their dipping into the 

solution of BSA or albumin, as illustrated in Figure 2. The immersion was performed for 1 h 

at room temperature and under ambient conditions. After the immersion, the samples were 

rinsed with pure water and dried in Ar. They will be denoted as PHM-Bio-Avid, PHM-Bio-

BSA, and PHM-Bio-Alb below, referring to the protein being used.  

Monitoring of individual reactions. The extent of derivatization, biofunctionalization, and 

protein adsorption processes was monitored by X-ray photoelectron spectroscopy (XPS), 

based on the specific signals for the relevant chemical compounds and biomolecules. The 

measurements were carried out with the MAX200 (Leybold-Heraeus) spectrometer equipped 

with an MgKα X-ray source and hemispherical analyser. The experiments were performed 

under ultra-high vacuum conditions, which of course affected the physical state of the pristine 

and functionalized PHMs but did not changed their chemical composition. The recorded 

spectra were normalized to the spectrometer transmission function.  
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The experiments were performed for the thin PHMs only, because of the limited sampling 

depth of XPS,
10,25

 which did not allow to obtain representative data for thick PHMs.  

 

Results and discussion 

General comments. Whereas the thin membrane was more suitable for the XPS 

characterization, due to the limited sampling depth of this technique, its swelling properties 

could be noticeably different as compared to the thicker one, because of the lower extent of 

crosslinking.
10

 This was the reason why we studied these two particular types of PHMs within 

the swelling experiments. Note that the PHMs are extremely robust, staying fully intact not 

only upon repeated immersion into an aqueous solution or chloroform but even upon 

sonication in the latter solvent, leading to a very limited loss of the physisorbed material only. 

This has been demonstrated previously for the membranes fabricated at the equilibrium (1:1) 

composition of the precursors
10-14

 but is also the case at a reasonable deviation from this 

composition, as shown in the present study. The reasons for this robustness are the covalent 

character of the crosslinking bonds and the 3D network character of the entire system.   

Swelling properties. The major goals of the swelling experiments were (i) to prove whether 

the hydrogel character of the PHMs persists at a deviation from the equilibrium composition 

of the precursors and (ii) to prove whether such PHMs are robust enough. Ellipsometric 

thickness of representative thin (25-35 ± 1.5 nm) and thick (170-180 ± 2 nm) PHMs is 

presented in Figure 3 as function of RH. Accordingly, the hydrogel character of the PHMs 

persists upon the variation of the precursor composition, which is an important prerequisite in 

context of practical application. At the same time, both the thickness of the PHMs and their 

swelling ability depend, to a certain extent, on the precursor composition. The thickness of the 

PHMs increases with increasing amine/epoxy ratio while their swelling ability decreases, with 

the swelling ratio varying either between 1.90 and 1.65 (thin film) or 1.63 and 1.52 (thick 

film). The higher values of the swelling ratio for the thin PHM as compared to the thick ones 

correlate well with the previous results for the PHMs prepared at the equilibrium composition 

of the precursors and are explained by the lower extent of crosslinking in the thinner films. 

The variation of the swelling ratio with the film composition is partly related to the thickness 

effect (thinner films = higher swelling ratio) but also to the less developed supramolecular 

network, containing, along with the fully crosslinked precursors, partly crosslinked ones, with 

non-reacted amine groups. Presumably, these groups are less active in the sense of hydrogel 

behavior of PHMs, in contrast to the "free" epoxy groups which, according to Figure 3, 
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contribute constructively to the swelling properties. A possible reason for such a behavior can 

be hydrolysis of these group resulting in the formation of hydrophilic hydroxyl groups, two 

for every "free" epoxy group.
4
 Further, a "self-addition" reaction of "free" epoxy groups with 

each other is also possible, resulting in formation of additional hydroxyl groups as well as in 

an alternative crosslinking path in the PHMs having an excess of the epoxy-terminated 

precursors.
4
 Significantly, the behavior of the PHMs was fully reproducible at the repeating 

experiments, performed for each sample at random, at high and low RH%. These experiments 

showed reversible swelling similar to the first reading, underlying the stability and robustness 

of the PHMs.   

As to the comparison between the thin and thick PHMs, the effect of precursor composition 

on both the membrane thickness and the swelling ability is stronger in the former case as 

compared to the latter, which can be tentatively attributed to the less developed crosslinking 

network in the case of the thin PHMs.
10

 Note that the extent of crosslinking, dependent in the 

given case on the precursor composition, affects, generally, swelling behavior of hydrogel 

films.
26-29

   

Apart from the specific composition and thickness dependent effects, discussed above, all 

PHMs of this study were found to be stable and robust enough as well as maintaining their 

hydrogel properties even at a deviation of the precursor composition from the equilibrium 

value (1:1). Accordingly, they were well suitable for the subsequent chemical derivatization 

and biofunctionalization experiments. 

Chemical derivatization. The XP spectra of the PHMs are typical of the PEG compounds 

and are dominated by the O 1s peak of oxygen at ∼533 eV and the C 1s emission of carbon at 

∼286 eV.
10,12

 In addition, there is a low intense C 1s shoulder at 284.4 eV stemming 

presumably from the carbon atoms beyond the PEG chains of the STAR-PEG moieties and a 

comparably weak N 1s emission of nitrogen at ∼400 eV related to the amino groups of the 

STAR2k-NH2 moieties.
10,12

 The spectroscopic signatures of the hydroxyl and epoxy groups 

are comparably weak and merged with those of the PEG chains. Consequently, they cannot be 

distinguished, similar to the contributions of the crosslinked and non-reacted amine groups in 

the joint N 1s peak. Thus, specific information on the chemically active groups, capable of 

tethering or biofunctionalization cannot be gained from the original XP spectra of the PHMs. 

However, this information can be obtained in dedicated derivatization experiments, targeting 

specifically the potentially active hydroxyl groups and non-reacted (and, consequently, still 

reactive) epoxy and amine groups. 
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The hydroxyl groups in the PHMs are mostly characteristic of the crosslinking sites as shown 

in Figure 1 as well as of the possible hydrolysis and self-addition of the free epoxy groups. 

The tracing of the hydroxyl groups was carried out by their chemical derivatization with 

TMSI (step 2 in Figure 1;), which is a specific reagent for these moieties.
30,31

 The extent of 

the reaction was then monitored by XPS based on the intensity of the Si 2p emission 

characteristic of TMSI (step 3 in Figure 1; see Figure S1 in the ESI for a representative 

spectrum). The respective intensity is shown in Figure 4a as function of the film composition, 

given by the amino/epoxy ratio. As can be expected, the maximum amount of the crosslinking 

sites is observed at the equilibrium concentration of the precursors, i.e. an amine/epoxy ratio 

of 1:1. Upon the deviation from this ratio, both at higher amine and higher epoxy 

concentration, the amount of the crosslinking sites decreases significantly since some of the 

reactive groups of the precursor provided in the excess concentration do not find their 

complementary partners to form a crosslinking bridge and remain “free”, i.e. non-reacted.  

The tracing of the free (i.e. non-reacted) epoxy groups in the PHMs was conducted by their 

derivatization with TFMBA (step 4 in Figure 1) which has the same amino group as the 

original STAR2k-NH2 precursor, reacting specifically with the epoxy moieties without any 

side products.
17

 The extent of reaction was monitored by XPS, using the F 1s emission 

characteristic of TFMBA (step 5 in Figure 1; see also Figure S1 in the ESI for a representative 

spectrum). The respective intensity is shown in Figure 4b as function of the film composition. 

As can be expected, the intensity decreases progressively with the increasing amine/epoxy 

ratio. At higher concentrations of STAR2k-EPX as compared to STAR2k-NH2, some of the 

epoxy groups do not find a complementary amine partner for crosslinking, resulting in a 

higher content of the free epoxy moieties as compared to the equilibrium composition. At a 

lower concentration of STAR2k-EPX as compared to STAR2k-NH2, the probability to find a 

complementary amine partner for crosslinking is higher for the epoxy groups as compared to 

the equilibrium composition, resulting in a lower content of the free epoxy moieties. 

Significantly, the concentration of the free epoxy groups varies by ±20% only upon the given 

variation of the precursor composition. Thus, the gain in the amount of the potential binding 

sites for specific receptors is quite moderate. 

The TFMBA derivatized PHMs were subsequently used for tracing of the free (i.e. non-

reacted) amine groups by applying several additional steps as described in the Experimental 

section. First, all hydroxyl groups, originated from both original crosslinking points and 

epoxy derivatization, were quenched with TMSI (step 6 in Figure 1) to exclude them from the 
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reaction with TFAA, a  derivatization agent used subsequently for the free amine groups. 

Afterwards, the PHM was derivatized with TFAA (step 7 in Figure 1), with subsequent 

monitoring of the characteristic F 1s photoemission signal (step 8 in Figure 1; see Figure S1 

in the ESI for a representative spectrum), corrected for the signal of TFMBA traced before 

(step 5 in Figure 1). The respective intensity, associated with the "free" amine groups only, is 

shown in Figure 4c as a function of the film composition. As can be expected, this intensity 

increases progressively with the increasing amine/epoxy ratio. At a higher concentration of 

STAR2k-NH2 as compared to STAR2k-EPX, some of the amine groups do not find a 

complementary epoxy partner for crosslinking, resulting in a higher content of the free amine 

moieties as compared to the equilibrium composition. At a lower concentration of STAR2k-

NH2, the opposite situation occurs. Significantly and similar to the epoxy case, the 

concentration of the free amine groups varies by ±20-30% only upon the given variation of 

the precursor composition. Thus, the gain in the amount of the potential binding sites for 

specific receptors is quite moderate in the given case as well. 

Biofunctionalization. The biofunctionalization was performed for the free amino groups 

only, representative of the epoxy and hydroxyl binding sites as well. The reaction was 

conducted with NHS-biotin (see Figure 2), specific for amine that had a sufficiently long 

(1.35 nm) spacer group allowing for additional flexibility and accessibility of the biotin 

moiety
19-21

 as well as for its possible protrusion out of the membrane.  

Protein adsorption. The protein affinity of the biotin functionalized PHMs was investigated 

for both specific and non-specific case. For the former case, avidin adsorption was tested, 

relying on well-known biotin-avidin interaction,
22-24

 whereas, for non-specific adsorption, 

BSA and albumin were used. The adsorption of the proteins was monitored by tracing the 

characteristic N 1s XPS signal, following the established methodology of our previous 

studies.
23,24,32

 The only other species containing nitrogen were the crosslinked and "free" 

amino groups in the PHMs as well as NHS-biotin moieties. The respective signal could, 

however, be measured separately, before the exposure of PHMs to the proteins, and corrected 

for, giving the intensity representative of the adsorbed proteins only. The sampling depth of 

the XPS measurements is generally determined as 3λ, where λ is the attenuation length of the 

photoelectrons at the given kinetic energy (~850 eV).
25

 Taking the literature value of λ (3.5 

nm), determined for the PHMs within a dedicated study,
10

 one gets a sampling depth of 11.5 

nm. Consequently, only the topmost part of the PHMs (25-35 ± 1.5 nm) was probed in spite 
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of their thinness. This part, however, constituted a half or a third of the entire PHMs, being, 

thus, well representative of these moieties.  

The N 1s intensities for the pristine PHMs as well as for the PHMs functionalized with NHS-

biotin and those subsequently exposed to BSA, albumin, or avidin are presented in Figure 5a 

as functions of the precursor composition; the respective N 1s XP spectra are compiled in the 

ESI (Figure S2). Both pristine and NHS-biotin functionalized PHMs, containing nitrogen as 

well, served as references (see above). Correcting the values for the protein loaded samples 

for the signal of the NHS-biotin functionalized PHM, one gets intensities reflecting solely the 

protein adsorption onto and into the membranes (Figure 5b). Most importantly, the signal 

associated with the specific adsorption is significantly higher (by a factor of 4-5) than that 

related to the non-specific events, underlying the persistence of the protein-repelling 

properties of the membranes as well as accessibility and performance of the biotin moieties 

coupled to the PHM framework. Further, the amount of the specifically bound avidin mimics 

the amount of the available specific binding sites, i.e. the Bio-BSA moieties in the 

membranes, increasing with the increasing amine/epoxy ratio. But, at the same time, the 

amount of non-specifically bound proteins increases with increasing amine/epoxy ratio as 

well, reflecting changes in the PHM composition. 

The data presented in Figure 5 allows us to compare the extent of specific and non-specific 

protein adsorption as well as to establish the effect of the film composition. It would be 

however useful to get a numerical estimate for the density of the adsorbed proteins. Such an 

estimate was made using the reference samples of dodecanethiol (DDT) self-assembled 

monolayer (SAM) on Au(111) prepared according to the literature procedure,
33

 exposed to the 

same solutions of avidin, BSA, and albumin, and carefully washed afterwards. According to 

our previous experience, this procedure results into a densely packed protein monolayer.
34

 

Taking the respective N 1s XPS signal as the reference and estimating the characteristic 

dimensions of the proteins involved in the study from the literature data,
35-38

 we got the 

absolute values for the grafting density of the proteins for the PHMs prepared at the different 

precursor compositions (Figure 6). Note that the values for avidin lie below monolayer 

coverage typical, e.g., of such protein-adhesive surfaces as DDT/Au, viz. ~3×10
12

 

proteins/cm
2
. A reason for the lower grafting density in the case of the PHMs is most likely a 

comparably low density of the potential specific binding sites, i.e. biotin moieties bound to the 

free amine groups over the NHS link. The density of the latter groups could be, however, 

coarsely estimated using the well-defined reference samples of nitrile-substituted 
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biphenylthiol and terphenylthiol SAMs on Au(111), prepared according to the literature 

procedure.
39

 These samples, having a similar packing density as SAMs on non-substituted 

alkanethiols on Au(111), viz. 4.63×10
14

 molecules/cm
2
,
33,40

 provide a suitable reference for 

the surface density of the nitrogen atoms in the PHMs. Comparing the intensities of the N 1s 

signals from the above reference samples and the PHMs, with a correction for the self-

attenuation of the photoemission signal in the latter case, the density of the nitrogen atoms 

within the sampling depth of XPS at the given kinetic energy could be calculated. Further, 

taking into account that the portion of free amine moieties in the PHM prepared at the 

equilibrium composition of the precursors is ~2.5% of the initial amount of these groups at 

the given duration of the crosslinking reaction,
10

 we could estimate the density of the free 

amino groups within the sampling depth of XPS at ~4×10
12

 groups/cm
2
. This value is 

noticeably higher than the grafting density of avidin for this particular membrane, which, 

according to Figure 6, is ~0.8×10
12

 proteins/cm
2
. Accordingly, the amount of the available 

free amine groups is obviously not the only factor responsible for the limited grafting density 

of the specifically bound avidin in the PHMs. As other relevant factors, non-100% extent of 

the amine-NHS-biotin coupling reaction as well as certain sterical constraints for the proteins 

entering the membrane should be taken into account. Note that the length of the OEG 

"chains" in the STAR2k-EPX and STAR2k-NH2 precursors is about 3.5-4 nm, which gives 

an in-plane mesh with an opening of 7-8 nm at the optimal, square-like character of the 

crosslinking network in a particular plane. In reality, the mesh is most likely not square-like, 

so that the "efficient" mesh size is somewhat smaller than 7-8 nm, becoming comparable or 

even smaller with/than the characteristic dimensions of the proteins, viz. ~7.2 nm for BSA 

and ~6.0 nm for albumin and avidin.
35-38

 This can limit the accessibility of the potential 

binding sites in the inner part of the PHMs, especially if one consider the complex 3D 

character of the crosslinking network. An additional aspect is preferable attachment of the 

proteins to the receptors in the topmost part of the PHMs, resulting in a partial closure of the 

pores. This will hinder the penetration of the proteins to the deeper located receptors, limiting 

the entire (specific) protein adhesion ability of the PHMs. 

 

Conclusions 

We demonstrated the ability of poly(ethylene glycol) based hydrogel membranes (PHMs) to 

host protein-specific receptors, providing, at the same time, stable, protein-repelling matrix 

for these receptors as well as for specifically bound proteins or other biomolecules. These 
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membranes were prepared from the amino- and epoxy-terminated STAR-PEG precursors, 

relying on their thermally activated crosslinking. The composition of these precursors was 

varied to some extent around the equilibrium value (1:1), which, luckily, affected only 

slightly the hydrogel and protein-repelling properties of the resulting PHMs as well as their 

robustness. On the other hand, this variation allowed to alter the amount of free amine and 

epoxy groups serving, potentially, as docking sites for protein-specific receptors. 

The grafting density of the model avidin protein, specifically attached to the biotin moieties 

coupled to the free amine groups, varied from 0.45×10
12

 to 1.3×10
12

 proteins/cm
2
, depending 

on the precursor composition, whereas the analogous values for the non-specifically adsorbed 

proteins were lower by a factor of 4-5. The grafting density was not only limited by the 

amount of the potentially available specific docking sites but also affected by steric constrains 

associated with the characteristic mesh size of the crosslinking network of the PHMs. The size 

corresponding to the most favourable arrangements of the molecular chains in this network 

was estimated at 8.4 nm, being, most likely, shorter in reality and comparable with the 

characteristic dimensions of proteins. 

The engineering of PHMs with biomolecule-specific receptors can be of potential interest for 

sensor fabrication, e.g. for biomedical diagnostics, while successive functionalization of these 

membranes with biomolecules can be of importance for medicine, including tissue 

engineering and regenerative therapy. A special advantage of PHMs as compared to other 

potentially useful biocompatible hydrogel films is the possibility of their transfer to any 

substrate or particular place, which facilitates their combination with other functional units of 

a device or their application at a specific site, useful, e.g. for wound curing. In addition, the 

size of hydrogel mesh can be varied to some extent, relying on the commercially available 

STAR-PEG precursors with higher molecular weight. Finally, the PHMs are sufficiently 

robust in aqueous solutions, due to the covalent character of the crosslinking bonds and the 

3D network character of the entire system, which is particular relevant for the application 

involving protein sensing and/or adhesion.  
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Figure 1. Fabrication (1), chemical derivatization (2, 4, 6, 7), and characterization (3, 5, 8) of the 

derivatized  PHMs. OH groups were traced with the steps 2 and 3, "free" (i.e. non-reacted and, 

consequently, still reactive) epoxy groups with the steps 4 and 5, which were additionally followed by 

the steps 6-8 to trace the "free" (i.e. non-reacted and, consequently, still reactive) amine groups; see 

text for details. The results of the derivatization are schematically shown after the respective 

derivatization steps. The chemical reagents used for the derivatization are depicted in the bottom left 

rectangle.  
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Figure 2. Biofunctionalization of the reactive sites (free amine groups in the given case) of the PHMs 

with NHS-biotin, and the protein adsorption assay for the specific (avidin) and non-specific proteins, 

viz. BSA and albumin.  
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Figure 3. Ellipsometric thickness of the thin (a) and thick (b) PHMs as function of relative 

humidity. The PHMs were fabricated at different compositions of the precursors as marked 

and color-coded in the figure. RH corresponding to the ambient conditions is marked by the 

vertical dotted lines. The thickness of the PHMs is 25-35 ± 1.5 nm (a) and 170-180 ± 2 nm 

(b). 
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Figure 4. Intensities of the characteristic photoemission signals for the hydroxyl groups (a) as 

well as for non-reacted and, consequently, still reactive epoxy (b) and amine (c) groups for the 

PHMs fabricated using different compositions of the precursors, given by the amino/epoxy 

ratio. The intensities are normalized to the values for the PHM fabricated at the equilibrium 

composition of the precursors (1:1).  
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Figure 5. Intensities of the characteristic N 1s photoemission signal for the pristine PHMs 

(black squares) as well as for the PHMs functionalized with NHS-biotin (red circles) and 

subsequently exposed to BSA (blue stars), albumin (magenta down triangles), or avidin 

(green diamond). The composition of the precursors, given by the amino/epoxy ratio, was 

varied. (a) As measured intensities; (b) Intensities for the protein-loaded PHMs corrected for 

the PHM-Bio signal.  
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Figure 6. Grafting density of specific (avidin; green diamond) and non-specific (BSA; blue 

stars and albumin; magenta down triangles) for a series of the PHMs functionalized with 

NHS-biotin. The composition of the precursors, given by the amino/epoxy ratio, was varied.  

 

Page 22 of 22Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
9 

M
ar

ch
 2

01
6.

 D
ow

nl
oa

de
d 

by
 T

ul
an

e 
U

ni
ve

rs
ity

 o
n 

03
/0

4/
20

16
 1

1:
15

:1
2.

 

View Article Online
DOI: 10.1039/C5CP07840G

http://dx.doi.org/10.1039/c5cp07840g

