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ABSTRACT: Antifouling surfaces capable of reducing nonspecific protein
adsorption from natural complex media are highly desirable in surface
plasmon resonance (SPR) biosensors. A new protein-resistant surface made
through the chemical grafting of easily available hyaluronic acid (HA) onto
gold (Au) substrate demonstrates excellent antifouling performance against
protein adsorption. AFM images showed the uniform HA layer with a
thickness of ~10.5 nm on the Au surface. The water contact angles of Au
surfaces decreased from 103° to 12° with the covalent attachment of a
carboxylated HA matrix, indicating its high hydrophilicity mainly resulted
from carboxyl and amide groups in the HA chains. Using SPR spectroscopy
to investigate nonspecific adsorption from single protein solutions (bovine
serum albumin (BSA), lysozyme) and complex media (soybean milk, cow
milk, orange juice) to an HA matrix, it was found that ultralow or low protein
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adsorptions of 0.6—16.1 ng/cm* (e.g,, soybean milk: 0.6 ng/cm”) were achieved on HA-Au surfaces. Moreover, anti-BSA was
chosen as a model recognition molecule to characterize the immobilization capacity and the antifouling performance of anti-
BSA/HA surfaces. The results showed that anti-BSA/HA sensor surfaces have a high anti-BSA loading of 780 ng/ cm?, together
with achieving the ultralow (<3 ng/cm® for lysozyme and soybean milk) or low (<17 ng/cm® for cow milk and 10% blood
serum) protein adsorptions. Additionally, the sensor chips also exhibited a high sensitivity to BSA over a wide range of
concentrations from 15 to 700 nM. Our results demonstrate a promising antifouling surface using extremely hydrophilic HA as

matrix to resist nonspecific adsorption from complex media in SPR biosensors.
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B INTRODUCTION

Surface plasmon resonance (SPR) biosensor, as a powerful tool
for monitoring molecular interactions, has been widely used in
the field of pharmaceutics, diagnostics, food safety, and
environmental rnonitoring.l_5 During the SPR analysis, surface
fouling of sensor chips is a ubiquitous and problematic
phenomenon that can reduce the accuracy of quantitative
results. Protein fouling referred to as nonspecific adsorption
from natural samples (e.g., blood, milk, juice, sanitary sewage)
is a crucial issue for SPR sensing because the target can be
determined accurately only in the presence of a protein-
resistant background.é’7 For example, the cellular components
of a blood sample still contain 60—80 g/L protein complex;
then they could adsorb nonspecifically to the SPR sensor chips
and generate a high noise signal to prevent the detection of
target analytes with low concentrations (down to ng/L).**
Therefore, it is highly desirable to design and fabricate a
protein-resistant surface that is capable of reducing or ideally
eliminating nonspecific adsorption of proteins to improve the
SPR sensitivity and accuracy in the measurement of natural
samples.
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Surface hydration is generally believed to be the dominant
factor in preventing nonspecific adsorption of proteins. Many
hydrophilic materials, such as poly(ethylene oxide),” oligo
(ethylene glycol),"'™"* polydopamine/polymers,">'° saccha-
rides,"’ " and poly(f-peptoid)s,>>*" have been employed to
fabricate nonfouling surfaces via hydrogen bond-induced
hydration. Pop-Georgievski et al.” reported a poly(ethylene
oxide) grafted surface with low protein adsorption of 7 ng/cm*
from human blood plasma. Lin et al.*® demonstrated that
poly(B-peptoid)s could reduce the adsorption of proteins from
100% plasma to 9.8 ng/cm® The strong proton-accepting
ability of poly(f}-peptoid)s was considered as a key factor for
forming hydrogen bonds with water and thus increasing the
strength of hydration. On the other hand, zwitterionic
polymers, such as poly(carboxybetaine) (pCB),** poly-
(sulfobetaine) (pSB),”* and polyampholytes,** were designed
and synthesized to prevent protein adsorption because of their
strong hydration capacity via electrostatic interactions. In this
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respect, Jiang and co-workers developed many pCB-and pSB-
based zwitterionic polymers that demonstrated ultralow fouling
in complex media.%*****"*” For example, a two-layered
polycarboxybetaine acrylamide binding platform was designed
to achieve both ultralow protein fouling (S ng/ cm? from
undiluted blood plasma) and high immobilization capacity of
recognition molecules.”” Additionally, Vaisocherova etal.?® also
demonstrated that poly(carboxybetaine acrylamide) had the
low adsorption capacity (<10 ng/cm?®) from undiluted
biological media, such as cow milk, tomato, and orange juice.
The amphiphilic copolymers with alternation of hydrophilic
and hydrophobic domains could also be employed to reduce
the nonspecific adsorption.””*° Overall, these rationally
designed and synthetic materials exhibited good antifouling
performance against protein adsorption. Nonetheless, for SPR
sensing, an ideal antifouling material also required high stability,
high immobilization capacity, and excellent compatibility to
recognition molecules, as well as low cost and facile fabrication.
It is still difficult for a single system to satisfy all of the above-
mentioned requirements. The design of new protein-resistant
SPR sensor chips with commercial potential has attracted
extensive attention in recent years.

Polysaccharides, as a class of natural hydrophilic macro-
molecules, have been used in biosensors, biotechnology, and
biomedicine, due to their high stability, excellent compatibility
to bioactive agents, and easy availability and functionaliza-
tion."”?"** A classic example is the use of carboxylated dextran
as matrix to fabricate SPR sensor chips, which had been
commercialized under the trade name of CM by GE
Healthcare, Biacore. However, previous studies had demon-
strated that carboxylated dextran itself cannot effectively
prevent protein adsorption from complex samples and thus
needs further modification such as zwitteration with carbox-
ybetaine.'”** In view of the structural diversity of poly-
saccharides, this study aims to design and fabricate a new
protein-resistant surface using natural polysaccharide as an
alternative of dextran for SPR biosensors.

Among various polysaccharides, hyaluronic acid (HA) has
received great attention in medical and cosmetic applications.
As an anionic glycosaminoglycan, HA possesses superior inert
property as compared to other polysaccharides and exhibited
high antifouling stability (against fibronectin adsorption) that
was evidenced by treatment with phosphate buffer saline (PBS)
solution for 7 days.*>** Different from dextran, the disaccharide
unit in HA molecules has amide (CO—NH) and carboxy
(COOH) groups, which provide hydrogen-bond donor/
acceptor and thus enhance the hydration strength, creating a
repulsive force on proteins.>> These chemical groups also
existed in synthetic polypeptide and zwitterionic polymers with
excellent protein antifouling ability.”’">* On the basis of this
unique structure, we expect HA to be a promising protein-
resistant material with better performance than dextran.
Recently, Bauer et al.* investigated the nonfouling properties
of HA and hydrophobic trifluoroethylamine-modified HA
(TFEA-HA) against marine fouling organisms. The results
indicated that both HA and TFEA-HA grafted glass surfaces
could reduce the adhesion strength of marine organisms such as
bacterium (Cobetia marina), seaweed (Ulva linza), and diatom
(Navicula incerta). This further verifies our speculation, and we
are the first to report utilization of HA for the construction of
SPR sensor chips with good antifouling performance against
protein adsorption.

In this study, we design and fabricate HA-based SPR sensor
chip through grafting HA molecules onto a gold (Au) surface.
The grafting process was monitored by SPR spectroscopy to
ensure successful chemical binding of HA to the Au surface.
The resulting HA-Au chips were further characterized using
contact angle (CA) measurements and atomic force micros-
copy (AFM). We then investigated the protein-resistant
performance of HA-based surfaces by SPR spectroscopy using
single protein (lysozyme, BSA) and natural protein-containing
complexes (cow milk, soybean milk, orange juice) as test
samples. Meanwhile, we chose the anti-BSA/BSA interaction as
a typical model to verify the feasibility in quantitative
determination of target analytes. The immobilization capacity
of anti-BSA onto HA-Au surface, as well as the antifouling
performance of antibody-immobilized HA surface, were also
investigated as part of our study.

B EXPERIMENTAL SECTION

Materials. Two types of HA extracted from rooster comb with
molecular weight of 1000 and 350 kDa were obtained from Sigma-
Aldrich and Heowns Business License (China), respectively. 1-Ethyl-3-
(3-(dimethylamino)propyl)-carbodiimide hydrochloride (EDC) and
N-hydroxysulfosuccinimide (NHS), 11l-mercapto-1-undecanol
(MUO), epoxy chloropropane (EC), 2-morpholino-ethanesulfonic
acid (MES), ethanolamine hydrochloride (EA), bromoacetic acid,
bis(2-methoxy ethyl) ether, lysozyme, bovine serum albumin (BSA),
and dextran (MW: 100 kDa) were purchased from Sigma-Aldrich and
used immediately upon receipt. BSA antibodies (anti-BSA) were
obtained from Abcam (U.S.). Cow milk with a protein concentration
of about 30 mg/mL was from Yili Industrial Co. and purchased in a
local market. Blood serum was obtained from BEST-Biotech, Inc.
(China).

Bare Au Pretreatment. BK7 glass substrates were deposited with
a 2 nm chromium adhesion-promoting layer followed by a S0 nm gold
layer using an electron beam evaporator (10 kV Temescal Series 260
E-beam Source) at a base pressure of 107 Torr. The deposition rates
for chromium and gold were 0.5 and 1 A/s, respectively. The resulting
bare gold chips were cleaned by immersion in freshly prepared
“piranha” solution (3:7 mixture of 30% H,0, and concentrated
H,SO,) for 3 h at room temperature. The piranha-treated bare Au
chips then were rinsed with anhydrous ethanol and deionized water,
followed by drying with compressed nitrogen. The pretreated Au chips
were then stored in an enclosed container at —4 °C for subsequent
use.

Fabrication of HA-Au Chips. The cleaned and dried bare Au
chips were initially immersed in an ethanol solution of 11-mercapto-1-
undecanol (MUO, 10 mM) for 12 h at 25 °C, forming a self-assembled
monolayer (SAM) tailed with hydroxyl groups onto Au surfaces. Next,
the SAM-Au chips were immersed in a bis(2-methoxy ethyl) ether
solution of epoxy chloropropane (0.6 M) for 4 h at 25 °C, followed by
immersing in an aqueous solution (0.1 M NaOH) of HA (1000 kDa, 3
mg/mL) for 20 h at 25 °C. The resulting HA coated Au chips (HA,-
Au) were then carboxylated with an aqueous solution (0.1 M NaOH)
of bromoacetic acid (0.1 M) for 16 h at 25 °C. The carboxylated HA
coated Au chips (HA-Au) were then rinsed thoroughly with anhydrous
ethanol, dried with nitrogen, and stored in an enclosed container at —4
°C for further use.

To make a comparative analysis, HA with MW 350 kDa and dextran
with MW 100 kDa were also employed to modify bare Au chips
following the procedure as mentioned above. The concentrations of
HA and dextran were 3 and 10 mg/mL, respectively, while all other
conditions were the same as given previously. The default molecular
weight of HA used in this work is 1000 kDa unless otherwise noted.

Surface Characterization. To monitor the fabrication of HA-Au
chips, angle-scanning SPR spectroscopy was employed to determine
the angle shift of different chips (bare Au, SAM, Epo-Au, HA-Ay, to
HA-Au). Phosphate-buffered saline (PBS, containing 10 mM
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phosphate, 138 mM sodium chloride, and 2.7 mM potassium chloride,
pH 7.4) was used as running buffer to conduct experiments.

The static contact angles were measured with a contact angle
measuring device OCALSEC (DataPhysics Instruments, Germany)
equipped with SCA 202 software. One microliter water drops were
deposited on tested surfaces, and the data were collected. The contact
angle was calculated by numerical curve fitting of the droplet profile at
the three-phase boundary from the image captured by a CCD camera.
Reported values are averages of four measurements recorded at
different positions on each substrate. All measurements were
performed under ambient conditions with relative humidity ~50%.

The surface topography of bare Au and HA-Au chips was
characterized by atomic force microscopy in a contact mode using
an AFM 5500 (Agilent, U.S.) equipped with N9797 AU-1FP Pico
software. Commercial silicon nitride probes (NP-S, Bruker AFM
Probes, U.S.) with an elastic modulus of 0.58 N/m were used to
perform the experiments. The thickness of the HA layer was
determined as the distance between the top of the HA layer and the
uncovered gold substrate by scratching the HA layer.

Measurements of Nonspecific Protein Adsorption by SPR.
To assess the protein-resistant performance, we used five different
protein samples including two single protein solutions and five natural
complex media. Specifically, lysozyme and BSA were dissolved in a
PBS (as above) solution to a final concentration of 1 mg/mlL,
respectively. Soybean milk was prepared by milling the commercial
soybean with deionized water to a final protein concentration of about
10 mg/mL. Orange juice was prepared by directly milling the fresh
orange without the addition of water, giving rise to a protein
concentration of 10 mg/mL. Cow milk, 10% blood serum, and 100%
blood serum were used without dilution. All of the natural samples
were centrifuged three times (20 min/time) at 5000 rpm (Sigma 3-
18K, Germany) followed by filtration through a 0.22 ym filter (Millex-
GP, Millipore, U.S.).

A time-resolved surface plasmon resonance (TR-SPR) spectrometer
(DyneChem HiTech Ltd, Changchun, China), which is a single
channel and prism coupling-based instrument equipped with a 650 nm
laser as the light source, was employed to monitor the real-time
nonspecific protein adsorption onto HA or anti-BSA immobilized HA
surfaces. A baseline signal was established by applying a PBS buffer
solution at a flow rate of S0 yL/min over the chips’ surface for about
30 min. The protein-containing solutions were injected into the flow
cell at a flow rate of 10 uL/min for 10 min (or 20 min for BSA)
followed by a cleaning with PBS solution for 10 min (or 5 min for
BSA), leading to the SPR angle shift recorded as Af values in the SPR
system. Especially, to directly observe this angle shift, we also
performed the angle scanning over a range of 57°—72° before protein
injection and after PBS washing. According to the results in previous
studies® and to the recommended calculation method in the
commercial instruments (e.g, Thermo FT-SPR, BioNavis MP-SPR),
0.1°—0.15° angle shift was used to represent a surface coverage of 100
ng/ cm?. On the basis of the TR-SPR system, a shift in SPR angle of
0.12° corresponds to a surface coverage of 100 ng/ cm?. The former
value was estimated by comparing the infrared reflection—absorption
spectroscopy by a known amount of BSA deposited on the SPR chips.”

Quantitative Determination of BSA by SPR. To immobilize
anti-BSA molecules, the carboxyl groups of HA-Au chips were
activated in an MES (pH 6.0, containing 0.1 M MES and 0.5 M NaCl)
solution of 0.4 M EDC and 0.1 M NHS for 15 min. The activated HA-
Au chips were rinsed immediately with Milli-Q water, immersed in a
PBS solution of anti-BSA (1 mg/mL) for 30 min at 25 °C, and then
washed thoroughly with PBS solution. The residual NHS-activated
carboxyl groups were deactivated by ethanolamine solution (1 M, pH
8.0) for 7 min. SPR angle shift was measured before and after anti-BSA
binding to calculate the immobilization capacity of HA-Au chips.

The anti-BSA loaded HA-Au chips were fixed in the SPR set to
characterize the interaction between anti-BSA and BSA by recording
the real-time angle shift (A#) values in the SPR system. A steady
baseline was established by flowing PBS buffer solution at a flow rate
of 50 uL/min. The BSA solutions with different concentrations (from
0.12 nM to 2.3 uM), such as 15, 75, 150, 300, 450, and 700 nM, were

injected respectively into the flow cell at a flow rate of 30 xL/min for 3
min followed by washing with PBS solution. To detect the BSA with
different concentrations, we regenerated the sensor chips using 10 mM
NaOH solution until the SPR signal was back to baseline.

B RESULTS AND DISCUSSION

Fabrication and Characterization of HA-Au Chips.
Scheme 1 illustrated the strategy for grafting HA onto Au

Scheme 1. Schematic Illustration of Grafting HA Molecules

to Bare Au Surfaces
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substrates. In this process, the bare Au chips were function-
alized initially with 11-mercapto-1-undecanol (HS(CH2),;0H)
via Au-SH interactions, leading to the formation of SAM and
hydroxylated Au surfaces. We then derivatized the SAM via the
activation of hydroxyl groups with epoxy chloropropane,
forming activated SAM with epoxy groups on Au substrates
(Epo-Au). Covalent attachment of HA onto Au surface (HA-
Au) was accomplished via ring-opening reactions between
epoxy and hydroxyl groups under basic condition. Finally, the
resulting HAy-Au chips were carboxylated with bromoacetic
acid (CH;COOBr) to obtain a negatively charged HA layer on
Au surfaces (HA-Au).

To monitor the grafting process, we employed SPR
spectroscopy to measure the change in the SPR angle because
of its high sensitivity to surface modifications. As shown in
Figure 1, the bare Au chip has an SPR angle of 61.805°, which
was shifted to 62.030° after modification with hydroxyl-tailed
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Figure 1. Shift in SPR angle during the grafting process from bare Au
to HA-Au chips. The inset figure shows the angle scanning spectra
corresponding to each state of sensor chips.
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SAM. The increase in SPR angle provided direct evidence of
the successful modification with SAM. Further grafting with
epoxy chloropropane (EC) led to a small SPR angle shift
(0.015°) probably because there was not 100% conversion of
the SAM and/or the RIs of the materials are dissimilar. A
significant increase in SPR angle from 62.045° to 62.435°
which corresponded to approximately 325 ng/cm® (0.12° ~
100 ng/cm?), was observed after the grafting of HA to Au
surfaces (HAy-Au), leading us to believe that the large
molecular weight of HA (1000 kDa) is an important attribute
in the SPR angle shift. After the carboxylation reaction, the SPR
angle further increased to 62.571°, which is slightly larger than
that of HAy-Au and may be related to a large content of
carboxyl groups. During the modification process from bare Au
to HA-Au surfaces, the SPR angle shift was about 0.766°,
suggesting the successful grafting of a thin HA layer on Au
surfaces. No significant change in the SPR angle was found after
washing with ethanol, drying with nitrogen, rewetting with PBS
solution, and continuous use for more than 24 h in PBS
solution (data not shown), indicating high stability of the
covalently grafted HA layer.

To characterize the hydrophilicity of HA-Au surfaces, we
measured the static water contact angles of unmodified Au,
SAM, and HA-Au substrates. As shown in Figure 2 and

Figure 2. Photographs and contact angles images of the bare Au (a),
SAM (b), and HA-Au (c) surfaces.

Supporting Information Table S1, bare Au without any
pretreatment was highly hydrophobic (103°), while SAM
coated Au surfaces exhibited slight hydrophilicity with a contact
angle of 46°, presumably due to the influence of the hydroxyl
groups. As expected, the HA-grafted Au substrates led to a
lower contact angle (12°, Supporting Information Table S1)
and displayed extreme hydrophilicity. The contact angle of HA-
Au surface is near the reported values of other antifouling
materials in the literature, such as zwitterionic polymer (e.g,,
poly-MEDSAH, 12°°% poly-MPDSAH, 17°%°), poly(-
peptoid)s (17°),*° and poly(ethylene oxide) (9°).”

To further directly observe the surface morphology of bare
Au and HA-Au chips, we employed atomic force microscopy
(AFM) to characterize the dried samples. Figure 3 shows
typical AFM images of Au surfaces before and after the grafting
of HA. The dried HA layer (Figure 3d) had larger uniform hills
distributed on the gold surface as compared to the bare Au
surfaces (Figure 3b). These nanosized HA hills probably
resulted from the dry-induced aggregation of the HA chains. To
confirm this speculation, we employed liquid-AFM analysis to
observe the real surface morphology of the HA-Au chip in the

wet state (in PBS buffer). As shown in Figure 3ef, the HA-Au
chip in the wet state has a smooth surface with an rms
roughness of 0.4 nm, which was much lower than that of the
bare Au surface (8.36 nm), indicating the formation of a
uniform HA layer on Au surface. Furthermore, we employed
AFM to measure the height difference between HA layer and
the glass surface by scratching. As shown in Supporting
Information Figure S1, the thickness of the HA layer that
completely covered the Au surface is calculated as 10.5 nm.

Nonspecific Protein Adsorption on HA Surfaces. As we
know, SPR spectroscopy is highly sensitive to surface
adsorbates and has a practical detection limit of approximately
1 ng/ cm229*° In this study, the angle resolution of TR-SPR
system is 0.0015°, which corresponds to 1.25 ng/cm® To assess
the antifouling ability of as-prepared surfaces, we employed
SPR spectroscopy to detect the nonspecific adsorption using
bovine serum albumin (BSA) as a model protein. In a typical
experiment, the SPR chips (bare Au, SAM, dextran-Au, HA,-
Au, or HA-Au) were exposed to PBS buffer to establish a stable
baseline. An aqueous solution containing 1 mg/mL BSA was
then passed over the surface at a flow rate of 10 #L/min for 20
min. Next, the chip was exposed a second time to the PBS
buffer. Figure 4a shows the real-time SPR signal (angle shift,
A0) resulting from BSA adsorption and desorption. For the
bare Au chip, the SPR angle increased immediately after the
injection of BSA. After PBS washing for 20 min, a large SPR
response denoted as angle shift (A8) was still observed. These
results provide direct evidence in support of a large amount of
BSA adsorption onto the Au surface, and point out the
difficulty of protein desorption. As shown in Figure 4a, SAM
modification could significantly reduce protein adsorption,
which we observed as lower angle shift, due to the
improvement of surface hydrophilicity. Further grafting of
dextran or HA onto Au surface led to fewer BSA adsorbed on
such chips.

To directly observe the SPR angle shift, the angle scanning
was carried out before BSA injection and after PBS washing. As
shown in Supporting Information Figure S2, the results were in
agreement with that from real-time SPR analysis. A significant
angle shift (0.315°) for bare Au surface could be observed in
Supporting Information Figure S2a, while similar SPR spectra
were obtained for dextran and HA grafted sensor chips. To test
further stablility, we stored the HA-Au chips in an enclosed
container for 4 months (dried state) and in PBS solution for a
week (wet state), respectively. These chips also showed a very
low A@ shift similar to those before storage for BSA adsorption,
indicating a high antifouling stability of HA matrix.

In general, we observed the mass of the adsorbed protein is
approximately proportional to the angle shift within a narrow
range of SPR angle. A 0.12° angle shift corresponds to 100 ng/
cm® of surface coverage for our SPR system (see the
Experimental Section). Figure 4b summarizes the nonspecific
adsorption of BSA on different surfaces. The bare Au surface
had a high adsorption of 262 ng/cm? while the HA-Au surface
can effectively resist BSA adsorption down to a level of 7.7 ng/
cm?, which is much lower than that on dextran-Au (154 ng/
cm?) and SAM (59.6 ng/cm?) surfaces. Similar BSA
adsorptions could also be obtained using original HA before
carboxylation (HAy-Au, 9.2 ng/cm®) and HA with lower
molecular weight of 350 kDa (8.0 ng/cm?). In fact, some of the
adsorption values for HA-Au chips are below or close to the
detection limit of SPR (1.25 ng/cm?). In comparison with
dextran, HA has a better antifouling performance presumably
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Figure 3. Flattened and topographic AFM images of bare Au (a,b) and HA-Au surface in the dry state (c,d) and the HA-Au surface in the wet state
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Figure 4. (2) SPR sensorgrams showing the nonspecific protein adsorption onto bare Au, SAM, dextran-Au (dex-Au), HA,-Au, and HA-Au surfaces.
(b) The amount of nonspecific protein adsorption to various surfaces. Each error bar represents the standard deviation from three independent

experiments.

due to higher content of hydrophilic groups, such as COOH,
CO-NH, and OH, which enable HA to have a stronger
hydration capacity. In addition, it is easier for amide (CO—NH)
group present in HA to form hydrogen bonds than for the
hydroxyl (OH) groups in dextran.*' Although the protein-
resistant performance of HA layer is slightly poorer than that of
the typical zwitterionic polymer (<5 ng/cm*)** or poly(S-
peptoid)s (<5 ng/cm?),*® the high stability, excellent

13038

compatibility, easy availability, and low cost of HA allow it to
become a potential new antifouling material for SPR
biosensors.

Another typical protein, lysozyme (MW = 14.7 kDa, pl =
11), was also used to characterize the protein-resistant
performance of HA-Au chips. The real-time SPR response
(angle shift, Af) and SPR angle scanning spectra before and
after lysozyme adsorption were shown in Supporting

dx.doi.org/10.1021/am502921z | ACS Appl. Mater. Interfaces 2014, 6, 13034—13042
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Information Figures S3a and S4a, respectively. In this case, the
nonspecific protein adsorption on HA-Au surface was 4.6 ng/
cm® (Figure S5a), which is below the commonly accepted
ultralow fouling criteria of <5 ng/cm® and similar to the
reported values of synthetic antifouling materials.”>*>*>*}

a)
Lysozyme
BSA
Soybean milk
Cow milk

Orange juice

b)

Lysozyme
Soybean milk
Cow milk
10% BS

100% BS

0 10 20 30 40 50 60 70
. 2
Adsorption (ng/cm®)

Figure 5. Protein nonspecific adsorption from single protein solutions
(lysozyme, 1 mg/mL; BSA, 1 mg/mL) and natural complex media
(soybean milk, ~10 mg/mL; cow milk, ~30 mg/mL; undiluted orange
juice, ~10 mg/mL) on HA-Au surface. (b) The amount of nonspecific
protein adsorption from several solutions (lysozyme, soybean milk,
cow milk, 10% blood serum, 100% blood serum) to anti-BSA
immobilized HA-Au surfaces. Each error bar represents the standard
deviation from three independent experiments.

The good protein-resistant performance against single
protein adsorption prompted us to evaluate the antifouling
property of HA-Au chips in protein complex-containing natural
food media, including soybean milk (~10 mg protein/mL),
cow milk (~30 mg protein/mL), and undiluted orange juice
(~10 mg protein/mL). These food-safety related samples
contain protein, carbohydrate, fat, vitamin, etc., making for
more challenging media to resist all of the components than for
single protein. Figure Sa shows the nonspecific adsorption from
such natural samples onto HA-Au surfaces. The nonspecific
adsorption from soybean milk, cow milk, and undiluted orange
juice were 0.6, 9.8, and 16.1 ng/cmz, respectively. HA-Au
surfaces demonstrated a low protein adsorption in these natural
complex media, especially from soybean milk where an ultra
low protein adsorption (<5 ng/cm?®) could be achieved.
Supporting Information Table S2 summarizes the antifouing
surfaces and their corresponding protein adsorptions. The
antifouling performance of HA-Au surfaces is comparable to or
even better than some other antifouling materials, such as the
dextran (~6 ng/cm® from 0.1 mg/mL BSA solution**), and
poly-[ (methacrylic acid)-ran-(2-methacryloyloxyethyl phos-

phoryl-choline)] (~30 mdeg from 0.1 mg/mL BSA solution*’).

). These results can be attributed to the strong surface
hydration derived from hydrophilic groups present in HA
chains. Previous studies have also demonstrated that HA has a
high refractive index of HA (n = 1.46) 3 providing a high water
content on surfaces capable of resisting protein adsorption.*®
Nonspecific Protein Adsorption on Anti-BSA/HA
Surfaces. Besides antifouling performance for SPR biosensors,
HA matrix also provides perfect compatibility to bioactive
recognition molecules with high immobilization capacity. In
this study, we chose anti-BSA as the target recognition
molecule to characterize the antifouling and sensor perform-
ance of anti-BSA/HA chips. In view of the high content of
carboxyl groups present in HA, we used EDC/NHS to activate
the carboxyl groups and then covalently attached anti-BSA (1
mg/mL) to HA-Au surfaces via immersion for 30 min. To
detect the anti-BSA content, we followed the SPR angle shift
after anti-BSA immobilization. On the basis of the angle shift of
0.9° (Figure 6), the immobilization content of anti-BSA is

2500
—— Before immobilization
—— After immobilization
2000
2
2 15004
i)
£
10004
5004
T T T T T T T

58 60 62 64 66 68 70 72
Angle (degree)

Figure 6. SPR angle shift before (black line) and after (red line) the
anti-BSA immobilization.

approximately 780 ng/cm’ which is higher than (or
comparable to) the reported values in the literature.””*” High
immobilization capacity can be attributed to the 3D structure of
HA layer formed by flexible HA chains, as well as the high
content of carboxyl groups.

To evaluate the antifouling performance of HA-Au chip for
SPR sensing, we measured the nonspecific protein adsorption
onto anti-BSA immobilized HA-Au chips. As shown in
Supporting Information Figure SS and Figure Sb, the protein
adsorptions from lysozyme and soybean milk were 0.67 and 2.5
ng/cm? respectively, indicating that anti-BSA immobilization
did not reduce the antifouling ability of HA matrix. For more
challenged protein complex including cow milk, 10% blood
serum, and undiluted (100%) blood serum, the protein
adsorptions increased to 17, 16, and 60 ng/cm?, respectively.
In these cases, the antifouling performance of the anti-BSA/HA
surface is still comparable to or even better than that of some
other strong hydrophilic surfaces (e.g.,, ~4 ng/cm? lysozyme for
poly(ethylene oxide);” 62 ng/cm?® blood plasma for poly(2-
hydroxyethyl methacrylate),”® as shown in Supporting In-
formation Table S2). Additionally, it can be seen that the anti-
BSA/HA surface has a lower antifouling ability than the typical
zwitterionic surfaces, which should be attributed to the different
surface hydration derived from antifouling materials.

Interaction between Anti-BSA and BSA. For practical
applications, the sensors are generally used to detect a target
molecule in a multicomponent solution. We measured the
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Figure 7. (a) SPR sensorgrams of the interaction of the immobilized anti-BSA on the HA-Au chips with lysozyme (Lys, 1 mg/mL), soybean milk
(Soy, ~10 mg/mL), BSA (15 nM), BSA+lysozyme (15 nM, 1 mg/mL, respectively), and BSA+soybean milk (15 nM, 10 mg/mL, respectively). (b)

The corresponding SPR angle shifts for the different protein samples.
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Figure 8. (a) SPR sensorgrams of the interaction of BSA (15—700 nM) with the immobilized anti-BSA in PBS buffer. (b) The calibration curve for

the detection of BSA by SPR spectroscopy.

adsorption of reference proteins (lysozyme, soybean milk) on
the anti-BSA-immobilized HA surface, and also detected the
targeted BSA molecule in the multicomponent solutions
including BSA+lysozyme and BSA+soybean milk. As shown
in Figure 7, the reference proteins led to a very small SPR angle
shift (A = 0.0008 for lysozyme, A8 = 0.003 for soybean milk),
indicating the high selectivity of anti-BSA and good antifouling
performance of anti-BSA-immobilized HA layer. The angle shift
for single BSA solution is 0.0762, which is very close to that for
BSA in lysozyme (A6 = 0.0757) and soybean milk (A6 =
0.0774) solutions, respectively. In these cases, the BSA
concentration used for dection is 15 nM (~107°> mg/mL).
Using lysozyme and soybean milk with high concentrations as
reference proteins, the signal-to-noise ratios for 15 nM BSA
were 94.6 and 25.8, respectively, suggesting a very high
selectivity for BSA sensing.

The real-time SPR angle shift caused by antibody—antigen
interaction was recorded with the injection of BSA solution, as
shown in Figure 8a. The anti-BSA loaded HA-Au sensor chips
demonstrated a satisfactory response to BSA with the
concentration range from 15 to 700 nM, which provided direct
evidence of high activity of anti-BSA. It also suggested excellent
biological compatibility of HA to recognition molecules. As
shown in Figure 8b and Supporting Information Figure S6, the
corresponding SPR angle shift showed a good linear relation-
ship (R* = 0.991) within the concentration range of 15—700
nM. When the BSA concentration was lower than 15 nM or
higher than 700 nM, however, the angle shift was not
proportional to the change in concentrations. The kinetic

parameters for the interaction between BSA and anti-BSA were
calculated on the basis of a previously reported method.*® The
association rate constant (k,), dissociation rate constant (k;),
and equilibrium constant (K = k,/k,) were 8.49 x 10* M~ S7/,
4.17 X 107 S7', and 2.03 X 107 M7/, respectively. The
equilibrium constant is close to that reported in previous
studies.*”*° Additionally, we also investigated the regenerability
of anti-BSA sensor chips. In a typical experiment, we injected
100 uL of NaOH (10 mM) into the flow cell to wash away the
bound BSA. The baseline then was re-established by PBS
solution, followed by injection of BSA for another cycle. As
shown in Supporting Information Figure S7, the anti-BSA
sensor chip showed a good performance after 4 cycles with a
total time of 4 h. Our results demonstrate that HA-Au has great
potential as a matrix for the immobilization of bioactive
antibody and further quantitative detection of target agents.
The minimum response signal (A8) was about 0.075 at 15 nM,
while the maximum response signal was 0.97 at 700 nM.

B CONCLUSIONS

In summary, we fabricated a novel protein-resistant surface by
covalently grafting HA molecules to Au substrate and
demonstrated that the HA-Au and antibody-immobilized HA
surfaces exhibited good antifouling performance against the
nonspecific adsorption from single protein solutions and
complex media. An ultralow or low protein adsorption on
these surfaces was achieved from single protein solutions, food
protein complex, and 10% blood serum, which can be
attributed to their strong hydration and extreme hydrophilicity
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(contact angle of 12°) resulting from high content of carboxyl
and amide groups. The HA matrix also allowed high
immobilization capacity of 780 ng/cm?” for bioactive anti-BSA
molecules. The anti-BSA loaded HA-Au chips displayed high
selectivity and sensitivity to BSA in complex solutions,
suggesting the good stability and compatibility of an HA
matrix to biological recognition molecules. In view of the low
cost and ease of availability of natural HA molecules, combined
with the excellent antifouling performance, high immobilization
capacity, and biocompatibility demonstrated in this study, HA
has great potential as a matrix for the fabrication of antifouling
surfaces and SPR biosensor chips.
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