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RECEIVED DATE  

Label-free biosensor technologies have the potential to revolutionize environmental monitoring, medical 

diagnostics, and food safety evaluation processes due to their unique combinations of high sensitivity 

signal transducers and high specificity recognition elements.  This enables their ability to perform real-

time detection of deleterious compounds at extremely low concentrations.  However, to further improve 

the biosensors’ performance in complex environments, such as wastewater, blood, and urine, it is 

necessary to minimize non-specific binding, which in turn will increase their specificity, and decrease 

the rate of false positives.  In the present work, we illustrate the potential of combining emerging high 

sensitivity optical signal transducers, such as Whispering Gallery Mode (WGM) microcavities, with 

covalently-bound poly(ethylene-glycol) (PEG) coatings of varying thickness, as an effective treatment 

for the prevention of non-specific protein adsorption onto the biosensor surface.  We monitor the 

sensitivity of the coated biosensor, and investigate the effect of PEG chain length on minimizing non-
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 2

specific adsorption via protein adsorption studies.  Experimental results confirm not only that PEG-

functionalization reduces non-specific protein adsorption to the surface of the sensor by as much as a 

factor of four compared to an initialized control surface, but also that chain length significantly impacts 

the non-fouling character of the microcavity surface.  Surprisingly, it is the short chain PEG surfaces 

that experience the best improvement in specificity, unlike many other systems where longer PEG 

chains are preferred.  The combination of WGM microcavities with PEG coatings tuned specifically to 

the device will significantly improve the overall performance of biosensor platforms, and enable their 

wider application in complex, real-world monitoring scenarios.   

KEYWORDS Optical Microcavity, Microsphere, Whispering Gallery Mode, Biosensor, Poly(ethylene-

glycol), Nonspecific Adsorption, Nonfouling Surface 

Introduction 

Poly(ethylene-glycol) (PEG) is a widely-studied and versatile biocompatible polymer, which has 

applications in a wide range of scientific arenas, such as PEG-protein conjugates for pharmaceutical 

applications, PEG hydrogels utilized for drug delivery and wound healing, and PEG tethering for cell 

signaling and targeting.
1
 The most widespread application for PEG, however, makes use of its ability to 

create protein-resistant, or nonfouling, surfaces from otherwise protein-attractive materials via its strong 

hydration layer and steric stabilization effect.
1-5

  This has resulted in intense interest from the 

biomedical community for creating medical devices, implants, and biomaterials, which would all greatly 

benefit from the minimization of protein adsorption and cell adhesion on their surfaces to avoid 

promotion of an immune response.
1, 6-7

  However, the functionality of these properties is not limited to 

implantable devices, but extends to any surface platform that interacts with biological species, and could 

suffer from surface fouling due to non-specific adsorption.   

For instance, PEG has been widely used to improve the specificity of optical biosensing platforms, 

such as commercial surface plasmon resonance (SPR) sensors, and silica nanoparticles.
8-13

 PEG has also 

been shown to have nonfouling properties that are on par with other nonfouling functional groups, even 
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 3

in the presence of complex media.
14

 To create a successful, commercial optical biosensing platform, a 

high sensitivity signal transducer (or sensor) must be coupled with a high specificity recognition 

element (such as an antibody), to enable the detection of a specific pathogen in a very complex 

environment, such as blood, urine, wastewater, etc.
15

  Although these biosensing platforms are typically 

tailored to a specific target, random non-targeted bioactive molecules can still adsorb onto the surface of 

the biosensing platform via non-specific physical, chemical, or electrostatic adsorption.
2, 16

  This can 

result in high rates of false positives, a decrease in the signal to noise ratio, and a reduction in the 

function of the device in a non-laboratory environment.
17

  Creating nonfouling backgrounds, by coating 

them with PEG during the attachment of the recognition element, can greatly enhance the performance 

of the platform by regaining the theoretical specificity that the recognition element alone should lend to 

the platform.
3-4, 9, 12, 18

  This enables the transition of many such optical biosensing platforms from the 

laboratory to real-world application.   

Recently, an emerging class of high sensitivity optical signal transducers, known as Whispering 

Gallery Mode (WGM) microcavities, has demonstrated intriguing capabilities as the foundation of 

label-free optical biosensing platforms.
15, 19-24

  These devices, which can be fabricated in many micro-

scale geometries (microrings, microdisks, microtoroids, microspheres, etc.), efficiently confine a 

circulating optical field at specific resonant frequencies within the device periphery.
25

  As the optical 

field circulates, it extends into the surrounding environment through evanescence, and can interact with 

biomolecules as they adsorb on or bind to the surface.  Binding or adsorption events result in the 

modification of the effective refractive index of the circulating optical field, causing a detectable shift in 

the resonant frequency of the device.
26-29

  This enables the sensing capabilities of the devices.  Their 

ultra-high sensitivities derive from their very low optical loss, and therefore long photon lifetimes in the 

microcavity, which increase the interaction between the circulating photons and biomolecules in the 

surrounding environment.
28, 30

  This results in higher sensitivity than conventional label-free optical 

biosensing platforms, such as SPR.
19

  Previous research using such optical cavities has demonstrated 
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 4

their application as a platform for molecular detection of an array of biologically-relevant species, with 

the ability to detect at ultra-low concentrations.
15, 31

 

Despite their enormous potential for creating next-generation, label-free optical biosensing platforms, 

WGM microcavities lag behind their more mature counterparts, such as SPR platforms, due to their 

relatively recent emergence in the field.
31

 PEG technology has recently begun to be applied to these 

devices, primarily to increase cell viability on the surface of such devices, but has yet to be applied to 

determine how best to tailor the surface to minimize protein adsorption.
32

  Although PEG coatings have 

been proven to minimize nonspecific adsorption on various classes of biosensors, the impact of their 

chain length and attachment has yet to be investigated for this new class of high-sensitivity WGM 

microcavities, thus limiting the use of such high potential devices in complex environments. In 

particular, given the complex, three-dimensional nature of the WGM microcavities in comparison to 

planar optical biosensors, such as SPR platforms, translating typical surface chemistries from 

homogeneous solution chemistries to three-dimensional heterogeneous chemistries, such as PEG 

coatings to minimize non-specific adsorption, is often challenging, as simple things like the shear force 

generated by slow stirring can damage three-dimensional surfaces.  Therefore, the optimal conditions 

for planar and three-dimensional platforms are often different.  

Moreover, due to the high sensitivity of these signal transducers, it is necessary to demonstrate that such 

coatings will not negatively impact the overall sensitivity of the platform in an effort to improve the 

specificity.  In the present work, we look to further the utility and sensitivity of these WGM 

microcavity-based optical biosensors through the creation of nonfouling surfaces using silane-PEG 

molecules. We successfully demonstrate the ability of the PEG-functionalized devices to prevent non-

specific protein adsorption, and subsequently probe the influence of PEG chain length on adsorption and 

device performance.  

Materials and Methods 

Device fabrication and functionalization  
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 5

The silica microspheres used in this work were fabricated by gravimetric melting of the tip of an 

single-mode optical fiber (Newport, F-SC-C-1FC) with a 25 W CO2 laser operating at 6 – 8% output 

power.
30,33

 The microspheres were functionalized with poly(ethylene-glycol) (PEG) molecules of 

different molecular weights, and therefore, different film thicknesses, using a two-step covalent 

attachment process shown in Figure 1a (see Supplemental Information for more detail).
34-35

   

  

Figure 1. a) Functionalization process used to coat the surface of the microsphere with MPEOPS and 

PEG-5000, b) brightfield image of a functionalized microsphere indicating minimal surface 

imperfections, c) fluorescent image of a microsphere coated with silane-PEG-FITC (Mw = 400) shows 

uniform and robust coverage of PEG, and d) fluorescent images of a microsphere coated with silane-

PEG-FITC (Mw = 5000) confirming the success of PEG attachment protocols at both low and high 

molecular weight.  

The microsphere surface was then PEG-terminated using silane-PEG molecules of both low and high 

molecular weight.  In the present work, we used 2-[Methoxypoly(ethyleneoxy)propyl] trimethoxysilane 

(MPEOPS, Mw = 460-590, purity > 90%, Gelest), and Methoxyl silane poly(ethylene-glycol) (PEG-

5000, Mw = 5000, Nanocs) as the silane-PEG chains under investigation. To determine the best 

deposition technique for our three-dimensional, WGM biosensor platform, we evaluated various solvent 
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 6

and vapor deposition conditions reported in literature for planar surfaces (Table 1, see Supplemental 

Information for more detail).  

Trial Deposition PEG Molecule Concentration Temperature (⁰C) Time (hr) 

1 Vapor MPEOPS 100% 25 3 

2 Vapor MPEOPS 100% 25 7 

3 Solvent MPEOPS 10% 25 3.5 

4 Solvent MPEOPS 10% 95 3.5 

5 Solvent PEG-5000 5 mg/mL  25 3.5 

6 Solvent PEG-5000 5 mg/mL 95 3.5 

 

Table 1. Reaction Conditions Examined for PEG Attachment 

Characterization of PEG Attachment 

To characterize the success of the PEG-functionalization process, both fluorescence microscopy and 

ellipsometry, in conjunction with protein adsorption, were used.  Additionally, atomic force microscopy 

was used to evaluate the quality of the functionalized surfaces (see Supplementary Information).  To 

confirm uniform PEG coatings on the surface of the microspheres, we attached silane-PEG molecules of 

molecular weight similar to those used in the present work (Mw = 400, 5000), conjugated to fluorescein 

isothiocyanate (FITC) (Nanocs), through the previously described methods.  The protocols were slightly 

modified due to the nature of the low molecular weight silane-PEG-FITC, which arrived in chloroform 

from the manufacturer and was further diluted to the appropriate concentration using chloroform (Sigma 

Aldrich) instead of toluene.  Imaging was performed using an inverted fluorescent microscope 

(Olympus IX70), along with MetaMorph image acquisition and analysis software.  A filter set (Chroma 

Technology Corp.) corresponding to the excitation/emission profile of FITC was also used (41001 

FITC/EGFP/Bodipy Fl/Fluo3/DiO).  The fluorescently labeled microsphere was mounted above a glass 

coverslip, through which the fluorescent images were taken.  Thickness measurements were completed 

using a Variable Angle Spectroscopic Ellipsometer (J.A. Woollam Co. VB400/HS-190), with data taken 

at angles of 60⁰, 65⁰ and 70⁰.  Ellipsometry data was fit and analyzed using a Cauchy model.  
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 7

The initial protein adsorption study was done utilizing silica-on-silicon (100) wafers (University 

Wafer), with a 2 um silica (thermal oxide) grown on the surface, as control surfaces that model the silica 

microsphere optical resonator surface.  This perfectly smooth and reflective surface allowed us to 

determine surface coating thicknesses and changes after protein adsorption using ellipsometry.  As 

previously discussed, the different attachment protocols were examined using this model surface in 

order to find the protocol best suited for translation from the flat, robust wafer surface to the 3-

dimensional, contamination-prone surface of the microsphere (Table 1). The initial PEG film thickness 

was determined through ellipsometry using the polished side of the silica-on-silicon (100) wafers that 

had been hydroxylated (initialized) through the piranha etch, and subsequently functionalized with 

either MPEOPS or PEG-5000 through each of the protocols described in Table 1.  Both PEG-

functionalized and hydroxylated control wafers were then immersed in 1 mg/mL solutions of lysozyme 

(chicken egg white, Sigma Aldrich) and fibrinogen (bovine plasma, EMD Chemicals) in phosphate 

buffered saline (PBS, EMD Chemicals) for one hour, after which they were rinsed copiously with PBS 

and blown dry with N2.  Following protein adsorption, a final thickness measurement was taken.  

Protein adsorption was calculated by subtracting the initial thickness from the final thickness.
2
 

Device Characterization 

To confirm the optical performance of the as-fabricated and functionalized microspheres, the quality 

factor (Q) was measured before and after PEG deposition.  The Q factor quantitatively describes the 

photon lifetime within the microcavity, and is the figure of merit by which device sensitivity is reported.  

In order to calculate the Q factor, the whispering gallery modes of the silica microspheres were excited 

by the coupling of optical power from a narrow linewidth, tunable, diode laser centered at 980 nm (New 

Focus), via a single-mode, tapered optical fiber (Newport, F-SC-C-1FC).
30, 36-37

  The tapered fiber was 

fabricated through simultaneous stretching and heating of the fiber using a hydrogen torch (Premier 

Industries) while stretching the fiber with a two-axis stage controller (Sigma Koki) until an average 

waist diameter of ~800 nm is reached.
36

 This method of evanescent coupling minimizes extrinsic 

microcavity losses (losses due to improper coupling, rather than the microcavity itself), which could 
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 8

negatively impact the Q factor.
36

  The coupling distance between the tapered optical fiber and the silica 

microsphere was maintained by placing the microsphere on a 3-axis nanopositioning stage (Optosigma), 

while monitoring the system with both side- and top-view cameras simultaneously.  The transmission 

data was visualized using an oscilloscope integrated into the computer system (NI, PCI-5114), and the 

resonant wavelength was recorded in the under-coupled regime, where extrinsic coupling loss was 

minimized and less than the intrinsic loss of the microcavity, under optimal laser scan speed and scan 

direction, which ensured that neither distorted the resonance lineshape (Figure 2).
37-39

  A Lorentzian fit 

of the resonant peak data is used to calculate the linewidth (full width at half-maximum).  The Q factor 

was then calculated from the resonance peak using the following equation:  

Q
λ

λ
=
∆

     Equation 1 

where ∆λ is the linewidth (full width at half-maximum) value obtained from the Lorentzian fit of the 

resonant peak data, and λ is the resonant wavelength. 

 

Figure 2. Schematic detailing experimental setup for monitoring of optical performance of microsphere 

optical microcavities. 

Sensing and prevention of non-specific binding 

Protein sensing experiments were performed through the creation of a buffer-filled microaquarium 

described in detail in previous literature and shown in Figure 3.
40-41

 The microsphere-taper system was 

immersed in PBS through attachment of a coverslip on top of the system.  A syringe pump was used to 

inject varying concentrations of protein solutions from directly below the microsphere-taper system, 

using previously determined experimental flow conditions.
41

  Solutions of lysozyme or fibrinogen were 

created at concentrations of 10, 100, 500 and 1000 µg/mL in PBS.  During these experiments, a resonant 
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 9

peak was found and focused upon through alignment with the tapered optical fiber, while a custom 

LabVIEW program recorded the lowest point on the oscilloscope graph of transmission voltage versus 

time throughout the experiment.  The data recorded from this program allowed for visualization of the 

resonant shift as a function of time prior to injection, during protein injection, and after completion of 

injection.  Therefore, we were able to track the shift in the resonant frequency throughout the entire 

sensing experiment. Additional control experiments were conducted where a PBS buffer rinse was 

injected into the sensor following the protein injection step.  All other procedures were identical. 

 

Figure 3. Schematic of the microaquarium housing for the microsphere-taper system, used during 

protein adsorption sensing experiments. 

Results and Discussion 

Covalent attachment of PEG  

To verify the thickness of the PEG coatings resulting from various deposition techniques, the 

functionalization procedures were applied to flat (control) silica-on-silicon wafers, as previously 

described.  A protein adsorption study was performed in conjunction with ellipsometry to confirm that 

the PEG-functionalized surfaces were indeed resistant to protein adsorption using lysozyme and 

fibrinogen as the model proteins of interest.  Thickness measurements were recorded before and after 

PEG-functionalized silica wafers were exposed to 1 mg/mL solutions of lysozyme and fibrinogen, and 

subsequently rinsed with PBS.  These measurements allowed calculation of the thickness of the 

adsorbed protein layer through subtraction of initial from final thickness.  Figure 4 shows that in 
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 10

comparison with the hydroxylated control, the surfaces functionalized through solvent deposition of 

both MPEOPS and PEG-5000 greatly reduced protein adsorption at each concentration and temperature 

examined.  In addition, Figure 4 shows that vapor deposition of MPEOPS was not successful in 

comparison to the other techniques at minimizing adsorption; a significant amount of protein adsorbed 

to the surface, which could indicate that the short chain PEG was indeed too heavy to be vaporized with 

minimal effort, resulting in poor surface uniformity or coverage.  Therefore, vapor deposition of PEG-

5000 was not tested. Based on these results, we selected the solvent deposition attachment techniques 

for both MPEOPS and PEG-5000, performed at room temperature, to maximize ease and efficiency of 

PEG attachment and minimize protein adsorption.  The detailed experimental conditions of the chosen 

protocols for MPEOPS and PEG-5000 attachment are shown in Trials 3 and 5 of Table 1, respectively.  

The average thicknesses of the MPEOPS and PEG-5000 coatings resulting from these trials were 

measured with ellipsometry to be 11.03 nm (+/- 2.17) and 3.33 nm (+/- 0.395) respectively, which is in 

good agreement with existing literature.
34-35

 The protein adsorption study in conjunction with 

ellipsometry further confirmed uniform and dense PEG coverage, as well as the ability of both PEG-

functionalized surfaces to resist non-specific binding of both lysozyme and fibrinogen at high 

concentrations.   

 

Figure 4. Mean thickness of the adsorbed protein layer (± standard deviation) adsorbed onto silica 

surfaces that were functionalized through various protocols as measured via ellipsometry (n=3).  It is 
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 11

evident that solvent deposition of PEG (Mw = 450 and Mw = 5000) at both room temperature and with 

heat (95⁰C) effectively reduces protein adsorption as compared to the hydroxylated control. 

After careful examination of all potential PEG functionalization protocols using silica-on-silicon 

wafers, the selected protocols (Trials 3 and 5) were applied to the silica microspheres.  To verify the 

impact of the coating on the surface, optical microscopy was used to determine the final quality of the 

sphere surface, post-functionalization, as surface defects and debris are known to negatively impact the 

sensitivity of the device via quality factor reduction.
30

  As shown in Figure 1b these protocols resulted in 

functionalized microsphere surfaces that were clean and free of imperfections.  In order to confirm 

robust and uniform surface coverage of the PEG coating, fluorescence microscopy was used to image 

the microspheres after functionalization with PEG molecules labeled with fluorescein isothiocyanate 

(FITC) of similar molecular weight to those used in this study.  As seen in Figure 1c and Figure 1d, 

silane-PEG-FITC coverage was indeed robust and uniform across the microsphere surface, thus 

confirming the success of the PEG functionalization method used for both molecular weights (Mw = 550 

and Mw = 5000).   

Maintenance of device sensitivity 

In order to verify that the functionalized devices remained sensitive enough to perform detection 

studies, the Q factor was measured for six different microspheres after MPEOPS or PEG-5000 

attachment.  A typical transmission spectrum, obtained from raw oscilloscope data of an on-resonance 

microsphere, is shown in black on Figure 5 (inset), with the Lorentzian fit shown in red.  Previous 

literature has shown that a Q factor of 10
6
 or higher ensures that the functionalized devices are capable 

of detection of single viruses and nanoparticles; this level of sensitivity allows for detection of 

biomolecules at biologically relevant conditions.
31

  Figure 5 shows that quality factor remains above 10
6
 

for a set of 10 microspheres functionalized with either MPEOPS or PEG-5000, confirming the 

sensitivity to be high enough for use in protein adsorption studies. 
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Figure 5. Optical performance of a series of microspheres after functionalization with either MPEOPS 

or PEG-5000 measured through the Q factor of the device.  All microspheres present a Q factor of 

above 10
6
, confirming sufficient sensitivity for use in subsequent protein adsorption experiments.  

(Inset) Representative graph showing raw oscilloscope data (black) of a resonant peak, and Lorentzian 

fit (red) of the resonant peak data. The sensitivity (Q factor) is calculated utilizing the full width at half 

maximum value (∆λ) taken from the Lorentzian fit of the data, and the resonant wavelength (λ). 

Sensing and prevention of non-specific binding 

The custom LabVIEW program used during sensing records the lowest point on the oscilloscope 

graph of voltage versus time for a microsphere on resonance, from which we are able to construct a 

curve showing the association of protein with the surface of the microcavity. The resonant shift 

observed during protein injection is related to the amount of adsorbed protein and bulk refractive index 

changes from the protein solution.
42-43

  Sensing experiments using solutions of lysozyme or fibrinogen 

in PBS were initially performed at the protein concentrations stated in the Experimental Section.  The 

concentrations that produced results most compatible with our experimental setup in terms of our ability 

to fully track the resonant peak shift were 500 µg/mL lysozyme in PBS, and 10 µg/mL fibrinogen in 

PBS.  The experimental setup used more easily tracks smaller resonant shifts associated with lower 

concentrations of proteins, while higher concentrations will result in too large of a resonant shift to be 

tracked to completion (Fig. 6a).  To confirm that the resonance shift seen upon protein injection was not 

due in part to fluid flow (the injection process itself, rather than protein adsorption, desorption, or 
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conformational changes), we performed additional experiments, which showed no significant shift 

during an injection of pure buffer, confirming that the shift seen upon injection is a direct result of 

protein adsorption and is in no part due to fluid flow (data not shown). 

Representative curves created from the sensing data obtained from this program are shown in Figure 

6; each curve consists of 3 key time points: A) protein injection begins, B) protein injection ends, and C) 

post-injection settling, where the resonant frequency has ceased to shift after the injection has ended.  

Based on the extent of the resonant shift, we can compare the PEG coatings to each other and to control 

surfaces (hydroxylated microspheres), and determine the success of the coating at minimizing surface 

fouling.   We express the amount of protein adsorbed based on the resonant wavelength shift between 

the beginning and end of the protein injection phase (points A and B).  Although other common sensing 

platforms (such as surface plasmon resonance sensors) calculate a resonant shift only after a buffer rinse 

step has been completed after point C, in the present work we found that a buffer rinse step did not 

generate any significant backshift with our sensing platform; rather, the resonant frequency at the 

settling point (C) did not change at all during or after the buffer rinse step post-settling (data not shown).    

There are three potential explanations for the behavior of the shift between points (B) and (C).  First, 

slight changes in coupling efficiency of the sensor platform, which can occur both before and after 

protein injection due to slight variations in the distance between the WGM microcavity and taper during 

the experiment (i.e. equipment drift rather than protein interaction behavior) can lead to resonant 

wavelength shifts.  This is because a slight change in the circulating optical field of the device will 

result in a shift in the resonant wavelength of the platform.  Second, protein desorption could cause a 

shift back towards the baseline resonant frequency.  However, this is not expected to play a role in this 

system, because protein is still present in the bulk solution after injection, thus reducing the driving 

force for desorption to occur.  This is a result of our microaquarium, which acts like a batch setup, rather 

than a continuous flow setup, and therefore, we do not expect this to be the major cause the shifts 

obtained.  Third, protein conformational changes could cause such shifts.  We hypothesize that because 

the buffer rinse did not generate a backshift, the majority of the settling backshift in this experiment is 
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due to a combination of changes in protein conformation, as discussed in great detail elsewhere in the 

literature.
11, 32, 44-45

     The shift towards the original baseline resonant wavelength of the platform is 

likely due to some combination of these three possibilities, however, protein conformational changes are 

likely to play the dominant role.   
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Figure 6. Representative resonant shift curves taken during protein adsorption experiments, where 

points (A, B, C) represent injection start time, injection end time, and settling end time, respectively.   

(a)  Injection of fibrinogen across control (hydroxylated) microspheres, showing that high protein 

concentrations cause too large of a shift in the microsphere’s resonant wavelength to track during the 

injection.  (b) Injection of lysozyme across PEG-5000-functionalized microspheres.  (c) Injection of 

fibrinogen across PEG-5000-functionalized microspheres.   

The resonant wavelength shift data for experiments performed using both lysozyme and fibrinogen 

solutions in Figure 7 shows that the microspheres functionalized with both MPEOPS and PEG-5000 

effectively reduce protein adsorption as compared to the hydroxylated control surfaces.  Published 

literature reports that less than 1% of a monolayer of lysozyme and 35-50% of a monolayer of 

fibrinogen will adsorb onto a hydroxylated surface.
4
 Based on these reference points, the MPEOPS 

coated surface had 0.5% and 11.7-16.7% of a monolayer of adsorbed lysozyme and fibrinogen, 

respectively. While lower levels of protein nonspecific protein adsorption have been seen with PEG 

functional groups and others, these previous studies have been focused on planar geometries 

(ellipsomentry, SPR, etc.) which are easier to passivate than the complex three-dimensional geometry 

associated with the WGM biosensor platform. 

The resonant shift data further show that the short chain PEG coating (MPEOPS) is more effective at 

reducing both lysozyme and fibrinogen adsorption on the surface of the microsphere in comparison to 
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the long chain PEG coating (PEG-5000).  It is interesting to note that this result is somewhat atypical for 

PEG functionalized surfaces.   

 

Figure 7. Mean resonant wavelength shift (± standard deviation) during injection of 500 µg/mL 

lysozyme solution and 10 µg/mL fibrinogen solution (n=3) shows that, in comparison to the control 

surfaces, MPEOPS and PEG-5000 reduce non-specific adsorption. 

As previously mentioned, while the theoretical explanation for the non-fouling characteristics of PEG 

coatings remains under investigation, it is agreed upon that the non-fouling character is a result of the 

formation of a strong hydration layer and the steric stabilization effect.  Moreover, as a result of the 

highly dynamic and mobile nature of the PEG layer, it is entropically unfavorable for protein molecules 

to collect on the PEG surface, as this would reduce chain movement and thus lower the free energy of 

the system.
46-48

  Previous research has confirmed experimentally that long chain polymer coatings are 

more effective at reducing non-specific protein adsorption than short chain coatings, but that high 

surface density is more significant than long chain length.
5, 48-49

  The impact of chain length and surface 

density of the grafted polymer molecules has also been examined in relation to the non-fouling nature of 

different polymer layers.
49-51

  Prior examination of the protein repellant properties of PEG suggests that 

a short chain PEG coating is also an effective method for creation of a non-fouling surface, provided the 

surface density of the grafted polymer is sufficiently high.
5, 49-50

  We hypothesize that our results are due 

in part to unequal surface densities of short and long chain PEG molecules  (MPEOPS and PEG-5000, 

respectively) resulting from specific factors present in our experiment.  First, we believe that the coating 
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of MPEOPS is significantly denser than the coating of PEG-5000 on the microsphere surface, leading to 

more PEG functional groups being present.  It is more likely that the smaller sized molecules will pack 

more closely than the larger PEG molecules, especially given the irreversible nature of the attachment 

strategy and the ability of trialkoxy silanes to oligomerize.  This interpretation is supported by the flat 

surface PEG thickness measurements which showed that the smaller MPEOPS molecules led to a three-

fold thicker coating, indicating that the polymers are more fully extended.
35

  This type of size dependent 

packing density and its impact on nonfouling properties has been previously examined theoretically and 

demonstrated for physically adsorbed polymer coatings.
49, 52

  Second, many protocols for long chain 

silane-PEG attachment onto a hydroxylated surface that show more successful minimization of non-

specific binding by fibrinogen suggest that higher temperatures should be used to tether the PEG-5000 

to the surface of the biosensor.
35

  Higher temperatures will increase the mobility of the polymer chains, 

allowing better transport to the surface and improvements in the packing density.  However due to the 

delicate nature of the microsphere we were unable to utilize such protocols, as they would cause device 

damage or sensitivity reduction.
53

  Therefore, the gentle PEG-5000 attachment protocols used 

contributed to the comparative success of the short chain, low molecular weight (MPEOPS) PEG 

coating to create a superior non-fouling surface as compared to the long chain, high molecular weight 

(PEG-5000), which is more typical in literature reports.  These results indicate that tailoring both the 

deposition techniques and chain length of the deposition material, to the biosensor platform can 

dramatically impact the properties of the resulting non-fouling surface. 

Conclusions 

In this work, we demonstrated that PEG coatings are well-adapted to modify the surface of highly 

sensitive WGM microcavities, such as the silica microsphere, to create a non-fouling surface that can 

minimize non-specific adsorption without negatively impacting the overall optical performance of the 

platform.  Experimental results confirmed not only that PEG-functionalization reduced non-specific 

protein adsorption to the surface of the sensor by as much as a factor of four compared to an initialized 
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control surface, but also that PEG chain length significantly impacted the nonfouling character of the 

microcavity surface.  Surprisingly, it is the short chain PEG surfaces that experience the best 

improvement in specificity, unlike many other systems where longer PEG chains are preferred.  This 

result indicates that both the PEG surface deposition technique and chain length need to be tailored to 

the specific signal transducer if it is to demonstrate high overall performance.  Deposition technique 

plays an especially important role in this system, and had to be tailored to our signal transducers in order 

to minimize sensitivity losses.  The combination of WGM microcavities with PEG coatings tuned 

specifically to the device will significantly improve the overall performance of these types of label-free 

optical biosensor platforms, and enable their wider application in complex, real-world monitoring 

scenarios.   
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