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ABSTRACT. The dependence of the localized surface plasmon resonance (LSPR) of noble metal 

nanomaterials on refractive index makes LSPR a useful, label-free signal transduction strategy for 

biosensing. In particular, by decorating gold nanomaterials with molecular recognition agents, 

analytes of interest can be trapped near the surface, resulting in an increased refractive index 

surrounding the nanomaterial and, consequently, a red-shift in the LSPR wavelength. In this work, 
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 2 

ionic poly(N-isopropylacrylamide-co-methacrylic acid) (PNM) hydrogels were used as protein 

receptors because PNM nanogels exhibit a large increase in refractive index upon protein binding. 

Specifically, PNM hydrogels were synthesized on the surface of silica gold nanoshells (AuNSs). 

This composite material (AuNS@PNM) was used to detect changes in the concentration of two 

protein biomarkers of chronic dry eye: lysozyme and lactoferrin. Both of these proteins have high 

isoelectric points, resulting in electrostatic attraction between the negatively charged PNM 

hydrogels and positively charged proteins. Upon binding lysozyme or lactoferrin, AuNS@PNM 

exhibit large, concentration dependent red-shifts in LSPR wavelength, which enabled detection of 

clinically relevant concentration changes of both biomarkers in human tears. The LSPR-based 

biosensor described herein has potential utility as an affordable screening tool for chronic dry eye 

and associated conditions.  

In the era of value-based healthcare, biosensors that are affordable, rapid, and easy to use are 

critical for medical decision making and appealing for point-of-care diagnostics.1–3 However, 

traditional in vitro diagnostic tests do not meet these criteria because they often require specialized 

instrumentation for signal transduction and employ expensive molecular recognition agents (e.g., 

antibodies).4 The high cost of antibodies can make diagnostic tests prohibitively expensive, 

especially for complex diseases (e.g., autoimmune disorders or cancer), where detection of 

multiple biomarkers (i.e., a “biomarker signature”) is required to confirm the presence or absence 

of the disease.5,6 To overcome this, lower cost alternatives for molecular recognition, such as 

aptamers7–9 and synthetic polymers,10,11 have been extensively investigated in recent years.  
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 3 

For example, many researchers have explored molecular imprinting as a route to develop synthetic 

polymers that selectively recognize and bind target molecules. The idea behind protein imprinting 

is that, prior to polymerization, protein molecules are combined with a set of monomers which 

form favorable interactions (electrostatic, hydrophobic, covalent, etc.) with the protein. After 

polymerization, the protein molecules are extracted, leaving a porous network with cavities 

complementary to the protein.12 While the potential of protein imprinted polymers is alluring and 

remains a continued topic of research, there has been minimal success in achieving truly selective 

polymers, largely due to challenges associated with protein size and structural complexity.13–15  

 

Given the extra time and costs associated with preparing protein imprinted polymers without 

substantially improving selectivity, non-imprinted hydrogels capable of semi-selective protein 

recognition are appealing alternatives. For example, several groups have demonstrated the utility 

of poly(N-isopropylacrylamide) (PNIPAM) based hydrogels to capture and concentrate protein 

biomarkers.16–18 PNIPAM based hydrogels are unique thermoresponsive polymers which exhibit 

a lower critical solution temperature (LCST) around 31°C.19 At temperatures below the LCST, 

PNIPAM hydrogels are highly swollen, while at temperatures above the LCST, the polymer gels 

undergo hydrophobic collapse. The highly swollen nature of PNIPAM gels at room temperature 

is a critical feature for the diffusion of solutes into and throughout the polymer network. For 

example, we recently demonstrated that anionic poly(N-isopropylacrylamide-co-methacrylic acid) 

(PNM) nanogels exhibit affinity and high adsorption capacity for high isoelectric point (pI) 

proteins due to favorable electrostatic interactions between the negatively charged polymer and 

positively charged proteins. Additionally, affinity for different proteins was tuned by changing the 

ionizable groups present in the nanogels, as well as the buffer in which binding was performed.20  
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 4 

Conveniently, these nanogels also served as signal transduction agents. For highly swollen PNM 

nanogels, protein binding throughout the nanogel increased the refractive index mismatch between 

the nanogels and buffer and, consequently, increased turbidity. Turbidity is a function of both 

particle concentration and refractive index mismatch.21 In order to maximize turbidity, there is an 

obvious tradeoff: increasing the nanogel concentration decreases the number of proteins bound per 

nanogel, which, in turn, decreases the refractive index change per nanogel. This tradeoff between 

particle concentration and refractive index mismatch limits the signal intensity (i.e., change in 

turbidity) at low protein concentrations, making it difficult to achieve low detection limits.  

 

To overcome this limitation and achieve better sensitivity, we hypothesized that PNM nanogels 

could be used in a localized surface plasmon resonance (LSPR) based biosensor. LSPR occurs 

when the conduction electrons of noble metal nanomaterials collectively oscillate upon interaction 

with light.22,23 The result is strong absorbance of light of a specific wavelength, which depends on 

the geometry of the nanomaterial and, importantly, the refractive index of the surrounding 

medium.24 Unlike in turbidimetry (an intensiometric method), in LSPR-based sensing (a 

colorimetric method), signal magnitude is not a direct function of particle concentration. Rather, 

for a given analyte concentration, LSPR shifts generally increase with decreasing particle 

concentration (as long as the optical density of the gold nanomaterial is detectable and the 

concentration of receptors is above the dissociation constant), because the largest refractive index 

mismatch is achieved when the binding sites on each particle are saturated. In order to reach 

saturation at low protein concentrations, a low particle concentration is needed. Thus, the fact that 

LSPR signal magnitude is not positively correlated to particle concentration is a useful attribute 

Page 4 of 41

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 5 

for achieving low detection limits and makes LSPR a powerful “label-free” tool for biomarker 

detection.23,25  

 

In this work, an LSPR-based biosensor for protein detection was developed using PNM coated 

silica gold nanoshells (AuNSs) (AuNS@PNM). Compared to previously reported LSPR 

biosensors, the biosensor developed herein exhibits LSPR shifts of unprecedented magnitude (up 

to 50 nm) upon analyte binding (Table 1). The large LSPR shifts were attributed to the high 

refractive index sensitivity of AuNSs in combination with the high swellability of PNM, which 

enables high analyte adsorption capacity and drastic changes in refractive index. In the few other 

reports where analyte-induced shifts greater than 50 nm were observed,26,27 the large shifts were 

achieved by a combination of analyte-induced refractive index changes and plasmon-coupling, the 

latter which relies on multivalent interactions between ligands and receptors. In this work, on the 

other hand, the large LSPR shifts were solely attributed to refractive index changes. Additionally, 

unlike many of the previously developed LSPR-based biosensors, the solution based nature of the 

current sensor enables assay performance in routine plate readers rather than requiring specialized 

setups (Table 1).  

Table 1. Comparison of LSPR-based biosensors reported in the literature using various gold 

nanomaterials and recognition agents. 

Nanomaterial Recognition agent 
Immobilized or 

solution 
Max LSPR 

shiftd Analyte Reference 
Silica-gold nanoshells Crosslinked hydrogela Solution 50 nme Protein This work 

Nanoantenna Crosslinked hydrogelb Immobilized 13 nm Glucose 28 
Nanospheres Crosslinked hydrogelc Immobilized 3.8 nm Protein 29 

Nanorods Organosiloxane MIP Immobilized 5 nm Protein 30 
Nanorattles Organosiloxane MIP Immobilized 5 nm Protein 31 
Nanorods Antibody Immobilized 3.5 nm Protein 32 
Nanorods Antibody, peptide Immobilized 25 nm Protein 33 

Silver-gold nanoshells Antibody, biotin-avidin Immobilized 15 nm Protein 34 
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 6 

Nanorods Antibody, biotin-avidin Immobilized 3 nm Protein 35 
Nanospheres Antibody, biotin-avidin Immobilized 9.3 nm Virus 36 

Nanostars Antibody, biotin-avidin Solution 30 nm (80 nmf) Protein 26 
Nanospheres Glycopolymer Solution 53 nmf Protein 27 

aMonomers: N-isopropylacrylamide, methacrylic acid, N,N’-methylenebisacrylamide (electrostatic attraction) 
bMonomers: hydroxyethyl methacrylate, N-3-acrylamidophenylboronic acid, ethylene glycol dimethacrylate (boronic acid-diol) 
cMonomers: acrylamide, N,N’-methylenebisacrylamide (diffusion, non-specific) 
dMaximum shift from lLSPR of receptor-coated nanomaterial 
eFor both lactoferrin and lysozyme in tears at a concentration of 196 µg/mL 
fShift as a result of both refractive index change and plasmon coupling 

 

Herein, we demonstrate the utility of AuNS@PNM composite nanomaterials as LSPR-based 

biosensors for detecting changes in the concentration of two protein biomarkers for chronic dry 

eye: lysozyme and lactoferrin. Compared to the healthy population, lysozyme and lactoferrin 

concentrations are significantly lower in patients with chronic dry eye and associated conditions.37–

39 Despite the high prevalence of dry eye, it is frequently under recognized and impacts patients’ 

vision and quality of life.40 Currently, dry eye diagnosis is based on several tests to evaluate the 

ocular surface and tear film production.40–42 While these tests are standard and necessary 

diagnostic approaches, many researchers have reported the need for identification, validation, and 

detection of tear biomarkers to assist in reaching a conclusive diagnosis.42–44 Commercially 

available assays which are used to monitor select tear biomarker concentrations include enzyme-

linked immunosorbent assays (ELISAs),42 Advanced Tear Diagnostics’ TearScanTM Lactoferrin 

Diagnostic Test Kit,45 and Quidel Corporation’s InflammaDry, a test for elevated MMP-9.46 

Unfortunately, these methods require specialized equipment (in the case of the TearScanTM 

Microassay System) or antibodies (used for ELISAs and InflammaDry), which have poor 

environmental stability and are relatively expensive.4,47  

 

The LSPR-based biosensor developed herein overcomes these limitations by using a single 

synthetic receptor to detect clinically relevant lysozyme and lactoferrin concentration changes in 
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 7 

tears. The materials and signal transduction method used in this biosensor are low-cost; 

performance of the test only requires a few microliters of tears; and the test can be completed 

within minutes using a routine plate reader. Further testing using samples from dry eye and non-

dry eye patients will validate the potential utility of the developed biosensor as an affordable and 

rapid screening tool for chronic dry eye.  

 

RESULTS AND DISCUSSION 

Synthesis and characterization of silica-gold nanoshells (AuNSs) 

The LSPR wavelength of gold nanomaterials depends on the size and shape of the nanomaterial, 

as well as local refractive index.24 Nanomaterials with red-shifted LSPR wavelengths enhance 

biosensor performance, because they have increased sensitivity to local refractive index compared 

to nanomaterials with lower LSPR wavelengths.48 One way to red-shift the LSPR wavelength is 

to increase the aspect ratio of the nanomaterial.23 For example, high aspect ratio nanorods and 

nanostars both exhibit red-shifted LSPR.49,50 However, both of these nanomaterials are also 

anisotropic, giving rise to plasmonic “hot spots,” where the plasmon resonance is stronger and 

more sensitive.51  

 

For gold nanorods (AuNRs), the “hot spots” are located at the tips, because the longitudinal 

plasmon resonance is stronger and much more sensitive than the transverse plasmon resonance.30 

However, the surface area of the ends is small relative to the surface area of the sides, so for 

uniformly coated AuNRs, the majority of the protein will be bound on the sides where the plasmon 

resonance is less sensitive. There are two ways to overcome this challenge: develop a method to 

favor binding at the ends of the AuNRs,30,52 or use isotropic nanomaterials with a comparable 
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 8 

refractive index sensitivity to the longitudinal plasmon resonance of AuNRs.53 Based on previous 

reports,54 we expected that silica core-gold nanoshells (AuNSs) would meet the criteria for the 

second approach and thus were chosen as the gold nanomaterial cores in this work.55 Although 

AuNSs have appealing properties for biosensing, there are few reports of silica gold nanoshells 

being used in a solution-based LSPR biosensor. 

 

Figure 1. Characterization of AuNS synthesis. (a) Extinction spectrum of well-formed AuNSs 

showing a peak to trough ratio around 3 and shoulder around 600 nm. (b) TEM image of bare 

AuNSs. 

Successful formation of AuNSs with λLSPR ~ 780 nm was determined by absorbance spectroscopy, 

transmission electron microscopy (TEM), and dynamic light scattering (DLS) (Figure 1 and Table 

S1). The refractive index sensitivity of AuNSs (λLSPR ~ 780 nm) was then compared to that of 

spherical colloidal gold (AuNPs) (λLSPR ~ 520 nm). Specifically, both nanomaterials were 

suspended in solutions of various weight percent sucrose, which have well-characterized refractive 

indices.56 Figure 2 shows the clear improvement in LSPR sensitivity for the AuNSs relative to 

AuNPs. AuNSs exhibited a refractive index sensitivity of 210 nm/RIU, which is comparable to 

refractive index sensitivities previously reported for the longitudinal plasmon resonance of AuNRs 

(170-325 nm/RIU),32,53,57 whereas AuNPs had a refractive index sensitivity of only 17.4 nm/RIU. 

This improved sensitivity means that for the same concentration of bound protein (i.e., same 
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 9 

refractive index change), a significantly larger shift in LSPR would be expected for AuNSs relative 

to AuNPs. 

 

Figure 2. Refractive index sensitivity of AuNSs compared to AuNPs. Gaussian fits to LSPR 

peaks of (a) AuNPs and (b) AuNSs suspended in solutions of varying weight percent sucrose with 

known refractive indices. (c) Shifts in LSPR as a function of change in refractive index for AuNSs 

and AuNPs. AuNSs exhibited greater refractive index sensitivity (210 nm/RIU) compared to 

AuNPs (17.4 nm/RIU). 

 

Synthesis and characterization of hydrogel coated gold nanoshells 

Gold-PNIPAM composite materials have been extensively explored for a variety of applications,58 

including photothermal therapy,59,60 temperature sensing,61–66 catalysis,67,68 and thermally 

activated optical switching.69,70 However, despite the favorable protein binding properties of 

PNIPAM gels, the use of gold-PNIPAM composites in protein biosensing applications has not 

been extensively explored. 
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 10 

 

In order to synthesize PNM on the surface of the AuNSs, the AuNSs were first modified with 1-

dodecanethiol (DDT) and then stabilized by an amphiphilic graft copolymer, poly(maleic 

anhydride-alt-1-octadecene)-g-poly(ethylene glycol methacrylate) (PMAO-g-PEGMA) via 

solvent displacement.71 PMAO-g-PEGMA has pendant methacrylate groups that can be used to 

anchor the growing polymer chains to the surface of the AuNSs. Modification with PMAO-g-

PEGMA resulted in red-shifted LSPR, and an increase in hydrodynamic diameter and zeta 

potential (Table S1). The DDT and PMAO-g-PEGMA layer was visualized by TEM (Figure 3a).  

 

Figure 3. TEM characterization of AuNS@PNM. (a) TEM image of DDT-capped, PMAO-g-

PEGMA stabilized AuNSs. (b,c) TEM images showing mixture of coreless PNM nanogels 

AuNS@PNM with flower-like architecture at (b) 16,500´ and (c) 43,000´. All samples were 

stained with 2% phosphotungstic acid (pH 7.0). 

Synthesis of PNM shells was achieved by following previously reported precipitation 

polymerization protocols, except PMAO-g-PEGMA stabilized AuNSs were included in the 

reaction mixture.20 TEM imaging revealed AuNSs with polydisperse, flower-like PNM shells 

(Figure 3b-c). The polydispersity of the PNM shells was greater than PNM nanogels synthesized 

1 µm

a b c
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 11 

in the absence of AuNSs, which was primarily attributed to the opposing effects of pH on PNM 

growth and PMAO-g-PEGMA stability. Specifically, the polymerization was done at a low pH 

(~3.8), where methacrylic acid is mostly protonated so that PNM readily undergoes hydrophobic 

collapse, resulting in uniform nanogel size. However, the solubility of PMAO-g-PEGMA is 

improved at pH values above the pKa of its pendant carboxylic acids (~4–5), resulting in some 

instability at the polymerization pH. The flower-like architecture of AuNS@PNM is likely a result 

of PNM nucleation in solution (as evidenced by the many PNM nanogels without AuNS cores) 

and subsequent reaction with the methacrylate groups on the PMAO-g-PEGMA stabilized AuNSs 

(Figure 4). Using this graft-to approach, it is not surprising that multiple nanogels anchored to 

each AuNS. Prior to use in LSPR studies, PNM nanogels without AuNS cores were removed from 

AuNS@PNM via multiple rounds of centrifugation and re-suspension in nanopure water. 

 

Figure 4. Schematic depiction of the process expected to lead to the AuNS@PNM flower-like 

architecture. (a) The monomers, N-isopropylacrylamide (NIPAM), methacrylic acid (MAA), and 

N,N’-methylenebisacrylamide (BIS) (pink spheres) were mixed with PMAO-g-PEGMA stabilized 

AuNSs (gold spheres). (b) Upon initiation with ammonium persulfate (APS, I•) at 70°C, polymer 
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 12 

chains grow, (c) eventually crosslinking with other oligomers in solution and (d) reacting with the 

methacrylate groups on the PMAO-g-PEGMA stabilized AuNSs. Upon reaching a critical size, 

the growing networks undergo hydrophobic collapse because of the LCST response of PNIPAM 

copolymers, resulting in both (e) coreless PNM nanogels and (f) AuNS@PNM flower-type 

structures. The presence of anionic sulfate groups (from APS) on the surface result in colloidally 

stable PNM nanogels and AuNS@PNM composites.   

Investigation of factors affecting LSPR shifts 

In designing AuNS@PNM for protein biosensing, it was critical to consider what factors would 

influence shifts in LSPR. The magnitude of refractive index change upon protein binding to a 

surface can be described by the De Feijter equation72:  

∆𝑛 =
θ(𝑑𝑛𝑑𝑐)
𝑑)

 

where Δn is the difference in refractive index between the protein and buffer,  q is the adsorbed 

surface mass density (g/cm2), dA is the thickness of the adsorbed layer (cm), and dn/dc is the 

refractive index increment of the protein (a typical value for protein adsorption is 0.186 cm3/g).73 

From this equation, it is clear that the magnitude of the change in refractive index, and 

corresponding shift in LSPR, depend on both the adsorbate thickness and amount of protein that 

binds. While the PNM shells made via precipitation polymerization were not thin or uniform, the 

highly swollen structure that resulted from this method is beneficial for rapid diffusion of proteins 

into the nanogel network. The sensitivity of the biosensor could potentially be improved in future 

work by exploring approaches for growing thinner, more uniform nanogels on the AuNSs, such as 

through inverse microemulsion polymerization74 or surface-initiated controlled ATRP or RAFT 
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 13 

polymerization.75–77 However, achieving thin shells should not be prioritized over achieving high 

swellability.   

 

In the current work, we focused on characterizing the LSPR sensitivity of AuNS@PNM to the 

amount of bound protein. The dependence of the refractive index change on amount of protein 

bound is critical for our protein biomarker sensing strategy (Figure 5). Based on the De Feijter 

equation, it was expected that shifts in LSPR would be dependent on both protein concentration, 

as well as the affinity of PNM for proteins in different buffers. For example, for low affinity 

protein-polymer interactions, little to no shifts in LSPR were expected, while for high affinity 

interactions, large red-shifts were expected due to the increased refractive index upon protein 

binding.  

 

Figure 5. Schematic depiction of LSPR-based biosensor. For low-affinity interactions or low 

protein concentrations, little to no shift in LSPR wavelength is expected. As protein concentration 

and/or affinity increases, larger red-shifts in LSPR wavelength are expected. 
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In our previous paper, we showed that PNM had high affinity for high pI proteins but low affinity 

for near-neutral or low pI proteins in 0.1X phosphate buffered saline (PBS, pH 7.4) due to 

favorable and unfavorable electrostatic interactions, respectively.20 Thus, it was expected that only 

high pI proteins, but not low or near-neutral pI proteins, would cause shifts in LSPR when binding 

was performed  at pH 7.4. To confirm this, binding studies were performed with lysozyme (pI ~ 

11.3), myoglobin (pI ~ 7.0), and ovalbumin (pI ~ 4.5). Indeed, incubation with lysozyme caused 

detectable red-shifts in the LSPR wavelength at concentrations above 1000 nM (p<0.05), while 

incubation with myoglobin or ovalbumin did not (Figure 6 and Figure S1). Overall, these results 

confirm that the extent of protein-binding is dictated by protein concentration and electrostatic 

interactions between PNM nanogels and proteins.   

 

Figure 6. Dependence of LSPR shifts on protein isoelectric point (pI). Quantitative analysis of 

LSPR shifts of AuNS@PNM with increasing concentrations of ovalbumin (pI ~ 4.5), myoglobin 

(pI ~ 7.0), or hen egg white lysozyme (pI ~ 11.3) in 0.1X PBS. No significant changes in LSPR 

wavelength were observed upon incubation of AuNS@PNM with ovalbumin or myoglobin. 

However, significant shifts in LSPR wavelength were observed upon incubation of AuNS@PNM 
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with lysozyme at concentrations above 1000 nM. Data are presented as mean ± SD (n=4, Student’s 

t test, *p<0.05). 

 

Characterization of buffer effect and semi-selectivity 

After demonstrating that the AuNS@PNM biosensor was able to bind lysozyme to produce 

concentration dependent LSPR shifts, we next sought to test the cross-reactivity of AuNS@PNM 

for another high pI protein biomarker of dry eye, lactoferrin. Specifically, we measured the LSPR 

shifts induced by lactoferrin and lysozyme across a wide range of concentrations in 0.1X PBS 

(hereafter referred to simply as PBS) and 0.1X histidine buffered saline at pH 5.5 (hereafter 

referred to simply as HBS). We chose to use both PBS and HBS, because, based on our previous 

findings,20 the adsorption capacity (i.e., mass of protein bound per mass of PNM) of lysozyme to 

PNM is higher than lactoferrin in PBS, but lower in HBS. Thus, we hypothesized that the buffer 

identity would affect the magnitude of protein binding-induced LSPR shifts for both lysozyme and 

lactoferrin.  

 

While lysozyme binding caused similar responses in both buffers (Figure 7a), lactoferrin binding 

caused significantly larger LSPR shifts in HBS than in PBS at concentrations above 100 nM 

(p<0.05) (Figure 7b). Improved binding of lactoferrin to AuNS@PNM in HBS was attributed to 

an increase in overall charge and improved solubility of lactoferrin at pH 5.5 (i.e., in HBS) 

compared to at pH 7.4 (i.e., in PBS).  We also suspect that lactoferrin caused larger shifts in LSPR 

than lysozyme in HBS, because for the same molar concentration, the mass concentration of 

lactoferrin (MW ~ 83 KDa) is nearly six times higher than that of lysozyme (MW ~ 14 kDa). 

Conversely, lysozyme binding was favored at high pH due to the loss of charge on lactoferrin (pI 
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~ 8.8) compared to lysozyme (pI ~ 11.3).  Overall, these results demonstrate the cross-reactivity 

of AuNS@PNM for high pI proteins, and that buffer pH influences binding affinity by changing 

the relative charge of the two proteins.  

 

Figure 7. Quantification of AuNS@PNM LSPR shifts for lysozyme and lactoferrin across a 

wide range of concentrations. (a) For lysozyme, shifts in LSPR were similar in both buffers (PBS 

or HBS) for all concentrations tested. (b) For lactoferrin, shifts in LSPR were significantly higher 

in HBS than in PBS for the three highest concentrations tested. Data are presented as mean ± SD 

(n=4, Student’s t test, **p<0.01, ***p<0.001). 
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Determination of the useful dynamic range in buffer 

Having tested the LSPR response of AuNS@PNM upon incubation with a wide range of lysozyme 

and lactoferrin concentrations, the next step was to test concentration dependent LSPR shifts over 

a narrower, clinically relevant range of concentrations. Healthy concentrations of lysozyme and 

lactoferrin in tears typically span a range of ~ 1 – 3 mg/mL, with an average concentration of 2 

mg/mL for both proteins. Concentrations less than 1 mg/mL are often associated with chronic dry 

eye,39,42 but other factors (e.g., patient age78 and tear collection method43,79) affect protein 

concentrations, necessitating the use of age-matched controls and standardized sample collection 

methods in clinical diagnostic settings. In general, the high abundance of lysozyme and lactoferrin 

in tears makes them convenient targets for diagnostics, because just a few microliters of tears can 

be collected and diluted for use in a biosensor. This is important because collecting large volumes 

of tears is difficult, particularly for patients with dry eye.43 To minimize the volume of tears needed 

for use in our LSPR-based biosensor, all experiments were performed in 384-well plates.  

 

Before testing the LSPR response of AuNS@PNM in tears, the LSPR shifts of each protein were 

measured in simple, non-competitive (i.e., single protein) experiments. Solutions of human 

lysozyme and lactoferrin were prepared at concentrations that were expected to correspond to that 

of a 1/10 dilution of tears. At this dilution, the average healthy tear concentration would be 

approximately 200 µg/mL, and the upper cutoff concentration for healthy vs. dry eye patients 

would be approximately 100 µg/mL. In buffer (HBS) alone, concentration dependent LSPR shifts 

were observed for both proteins. Lysozyme caused larger shifts in LSPR at lower protein 

concentrations and plateaued after 100 µg/mL (Figure 8a), while lactoferrin showed a nearly linear 

response (Figure 8b). Based on this data, LSPR shifts of 35 nm (for lysozyme) or 23 nm (for 
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lactoferrin) would correspond to the cutoff concentration for healthy vs. dry eye patients (~100 

µg/mL). For lysozyme, dilutions greater than 1/10 could be used in order to stay below saturation 

and better differentiate healthy vs. dry eye concentrations. Overall, these data demonstrate the 

ability of AuNS@PNM to respond to changes in protein biomarker concentration over a range 

relevant to the diagnosis of chronic dry eye conditions. 

 

Figure 8. Quantification of LSPR shifts for lysozyme and lactoferrin in HBS. The magnitudes 

of shifts in LSPR of AuNS@PNM upon incubation with either lysozyme or lactoferrin. (a) For 

lysozyme, LSPR was more sensitive at low protein concentrations and then plateaued at high 

concentrations. (b) For lactoferrin, shifts in LSPR increased linearly with protein concentration. 

Data are reported as mean ± SD (n=4). 
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Determination of the useful dynamic range in diluted human tears 

While the previous non-competitive studies were informative, it was necessary to demonstrate 

biomarker binding in tears to better demonstrate applicability as a dry eye biosensor. Lysozyme, 

lactoferrin, lipocalin, and secretory IgA make up the majority of the protein content in tears.80,81 

Of these proteins, lysozyme and lactoferrin are high pI proteins, while lipocalin and IgA have pIs 

below neutral (Table 2). Because the LSPR biosensor developed in this work detects proteins 

based on electrostatic interactions (Figure 6), anionic AuNS@PNM will preferentially bind 

lysozyme and lactoferrin (high concentration and high pI). Thus, lipocalin and IgA (high 

concentration but low pI), in addition to other tear proteins, which are present at much lower 

concentrations (Table 2), are not expected to interfere with binding or contribute to the LSPR 

signal.  

Table 2. Protein composition and concentrations in healthy human tears.  

Protein pI Concentration 
(healthy) (µg/mL) 

Reference 

Lysozyme 11.3 2.0 ± 1.0 ´ 103 39 
Lactoferrin 8.7 2.0 ± 1.1 ´ 103 39 
Lipocalin-1 5.3 1.7 ± 0.5 ´ 103 82 

sIgA 4.5-6.5 1.7 ± 0.7 ´ 103 80 
ZA2G 5.7 4.3 ± 2.4 ´ 102 82 
IgM 4.5-6.5 1.8 ± 0.5 ´ 101 83 

Transferrin 5.6, 5.2 1.6 ± 0.3 ´ 101 83 
Albumin 4.7 1.2 ± 0.8 ´ 101 80 

IgG 6.5-9.5 3.6 ± 0.6 ´ 100 83 
IgE varies 2.2 ± 2.0 ´ 10-2 84 
IL-8 9.1 1.7 ± 0.3 ´ 10-2  85 
EGF 4.6 5.1 ± 3.7 ´ 10-3 86 
IL-6 6.2 6.3 ± 1.7 ´ 10-4 85 
IL-1β 4.6 4.4 ± 1.2 ´ 10-4 85 
INF-γ 9.5 2.8 ± 0.5 ´ 10-4 85 
IL-4 8.2 2.6 ± 0.9 ´ 10-4 85 
IL-10 8.5 2.6 ± 0.6 ´ 10-4 85 
TNF-α 5.3 2.5 ± 0.6 ´ 10-4 85 
IL-5 7.8 1.6 ± 0.4 ´ 10-4 85 
IL-18 8.3 1.1 ± 0.3 ´ 10-4 87 

Aquaporin5 8.8 3.1 ± 2.4 ´ 10-5 86 
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The concentrations of lactoferrin and lysozyme in the pooled human tears used for the remaining 

studies were found to be 3.8 mg/mL and 1.9 mg/mL, respectively, by ELISA (Figure S2). The 

unexpectedly high concentration of lactoferrin may be attributed to the collection method used 

(collection from crying/watering eyes), evaporative concentration during processing and handling, 

or other unknown variables (e.g., age and health of donors). If translated to the clinic, sample 

collection and handling would be standardized, and the biosensor would need to be further trained 

using tear samples from dry eye patients and age-matched controls to ensure diagnostic accuracy.  

 

In the current study, pooled human tears were diluted in either HBS or PBS to achieve baseline 

lysozyme and lactoferrin concentrations of 16 µg/mL. Because of the high concentrations of 

lysozyme and lactoferrin in tears, diluting tears by a factor of 103 to 105 is common practice prior 

to performing commercial tests for these proteins (i.e., ELISAs, Advanced Tear Diagnostics’ 

TearScanTM Lactoferrin Diagnostic Test Kit). Dilution of tears for dry eye diagnostics not only 

achieves biomarker concentrations within the dynamic range, but is also necessary to increase the 

sample volume (as individuals with dry eye have abnormally low tear production) and to modulate 

conditions of the aqueous medium. Through this step, the pH and ionic strength can be controlled 

to promote optimal conditions for specific analyte interaction with the receptors.  

 

Control over pH and ionic strength is particularly important for the AuNS@PNM LSPR sensor 

developed here, because variations in temperature, pH, and ionic strength affect the swelling 

behavior of PNM nanogels, which, in turn, can affect protein diffusion into the network and the 

LSPR response of the sensor. Dynamic light scattering studies demonstrated that PNM nanogels 

at pH 7.4 (i.e., in PBS) were more sensitive to changes in ionic strength than nanogels at pH 5.5 
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(i.e., in HBS), but were less sensitive to temperature (Figure S3). This can be explained by the 

fact that there is a higher percentage of deprotonated carboxylic acid groups at pH 7.4 than pH 5.5, 

which prevents hydrophobic collapse above the LCST of PNIPAM and makes the degree of 

swelling more dependent on ionic strength. These results underscore the importance of dilution 

into a buffer with known ionic strength and pH prior to using the AuNS@PNM biosensor for 

detection of protein biomarkers. 

 

After diluting the tears to baseline levels (i.e., 16 µg/mL) of lysozyme or lactoferrin, concentrated 

stock solutions of human lysozyme or lactoferrin were spiked into the diluted tears to increase the 

biomarker concentrations by 20 µg/mL increments up to 216 µg/mL. Spiking known 

concentrations of analyte into a matrix with other components of unknown concentration is the 

most common method for preparing samples for method validation.88 Lysozyme or lactoferrin 

concentrations were first varied individually to study the effect of each protein on the LSPR of 

AuNS@PNM. The magnitude of the observed LSPR shifts were affected by variations in protein 

concentrations, as well as which buffer was used for the assay (Figure 9).  

 

For each experiment, a distinct “cutoff concentration” was observed, above which the LSPR 

response was not statistically different from higher concentrations tested. In the bar graphs shown 

in Figure 9, concentrations above the “cutoff concentration” were binned into a single group for 

clarity. Shifts in LSPR for all protein concentrations tested are shown in Table S2. The range from 

the lowest concentration to the “cutoff concentration” is considered the dynamic range. Whether 

a narrow or wide dynamic range is better depends on the intended application: sensors with narrow 

dynamic ranges have good sensitivity (i.e., steep relationship between analyte concentration and 
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signal magnitude), while sensors with wide dynamic ranges allow analyte detection over a larger 

concentration range.89 

 

LSPR shifts observed upon lactoferrin binding in tears diluted in PBS (Figure 9a-b) were smaller 

in magnitude than LSPR shifts in HBS diluted tears (Figure 9c-d). As previously mentioned, this 

can be explained by the increased charge and improved solubility of lactoferrin at pH 5.5 (i.e., in 

HBS) compared to at pH 7.4 (i.e., in PBS), resulting in increased binding of lactoferrin to 

AuNS@PNM. The magnitude of shifts in LSPR upon lysozyme binding to AuNS@PNM were 

comparable in both buffers at intermediate concentrations (96 – 176 µg/mL). However, at low 

concentrations (£76 µg/mL) shifts in LSPR were significantly smaller in PBS than in HBS, while 

at high concentrations shifts in LSPR were significantly larger in PBS (p<0.05) (Figure 9e-h). 

This is likely a result of decreased swelling of PNM in HBS compared to in PBS (Figure S3), 

which limits protein diffusion into and binding throughout the nanogel. 
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Figure 9. Analysis of LSPR shifts upon variation of individual biomarker concentration in 

human tears. Gaussian fits to LSPR peaks of AuNS@PNM normalized extinction spectra and 

quantitative analysis of shifts in LSPR of AuNS@PNM with increasing concentrations of (a-d) 

lactoferrin (Lf) or (e-h) lysozyme (Lys) in either PBS or HBS. For clarity, Gaussian fits for high 

concentrations (i.e., >96 µg/mL) were omitted. Quantitative analysis of shifts in LSPR in PBS for 

both proteins (b,f) showed a larger dynamic response across the concentrations tested, compared 

to a narrower dynamic response range observed in HBS (d,h). Data are reported as mean ± SD 

(n≥3). 

 

The overall biosensor performance in both buffers was also compared. For both proteins, analysis 

of LSPR shifts in PBS (Figure 9b and 9f) showed a dynamic response across a wider range of the 

concentrations tested compared to a narrower dynamic range observed in HBS (Figure 9d and 

9h). For lactoferrin, this is attributed to the higher affinity between PNM and the protein in HBS 

compared to that in PBS, resulting in binding saturation at lower concentrations in HBS. For 

lysozyme, the decreased dynamic range observed in HBS was attributed primarily to increased 

competition with lactoferrin for binding sites in HBS compared to in PBS. Specifically, the 

baseline level of lactoferrin in the tears (32 µg/mL) occupies more of the available binding sites in 

HBS than in PBS, as evidenced by the significantly larger shifts in LSPR in HBS (23 ± 0.7 nm) 

compared to in PBS (5.5 ± 0.7 nm) (p<0.001). Additionally, binding to near-neutral pI proteins 

present at moderately high concentrations in tears, such as immunoglobulins (Table 2), is possible 

in HBS and could have also contributed to the narrow dynamic range (i.e., large LSPR shifts and 

saturation at low biomarker concentrations). Based on our previous results,20 it is unlikely that 

near-neutral pI proteins will bind AuNS@PNM in PBS, hence the wider dynamic range and lower 
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initial LSPR shifts. The ability to tune both the dynamic range and the magnitude of the LSPR 

responses by varying the buffer improves the versatility and utility of AuNS@PNM for protein 

biosensing.  

 

LSPR response to simultaneous variation of both biomarker concentrations 

Next, to test the impact of cross-reactivity for lysozyme and lactoferrin on the sensor performance, 

concentrations of both biomarkers were varied simultaneously to better represent the competitive 

environment expected in real patient tears. Based on the fact that lysozyme and lactoferrin binding 

to AuNS@PNM is driven by electrostatic interactions, there will undoubtedly be cross-reactivity 

and competition between these two biomarkers when they are present at similar concentrations. 

However, competition with other high pI proteins is not expected to be significant, because the 

concentration of these proteins in tears are 2-8 orders of magnitude lower than the concentrations 

of lysozyme and lactoferrin (Table 2).  

 

The LSPR shifts of AuNS@PNM when each protein was varied individually was compared to the 

LSPR shifts for simultaneous variation, both measured and hypothetical (i.e., if there was no 

competition and sufficient binding sites for both proteins) (Figure S4). In cases where protein 

concentrations are sufficiently low, there are enough binding sites to accommodate both proteins, 

thus minimizing competition. In these cases, there should not be a statistical difference between 

the measured and hypothetical LSPR shifts. In PBS, this was only true when the concentration of 

both proteins was £76 µg/mL, while in HBS, the hypothetical LSPR shifts were larger than the 

measured shifts for all concentrations tested.  
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When the concentrations of both proteins were each ³96 µg/mL in PBS, the measured shifts were 

not statistically different from the lysozyme-only shifts. Based on previous studies, where we 

found that carboxylic acid containing hydrogels preferentially bind lysozyme over other high pI 

proteins in competitive environments because of its particularly high pI and uniquely large arginine 

to lysine ratio, we hypothesized that AuNS@PNM preferentially bound lysozyme over lactoferrin 

in PBS.14 However, in HBS, the LSPR shifts observed when both proteins were varied 

simultaneously were not statistically different than the shifts caused by either lysozyme or 

lactoferrin alone at most concentrations above 96 µg/mL (Figure S4), suggesting increased 

competition in this buffer.     

 

Figure 10 shows the sensor response to simultaneous biomarker variation, focusing on the 

dynamic range. It was not surprising that when both biomarker concentrations were varied 

simultaneously, the dynamic range was narrower in both PBS (Figure 10a-b) and HBS (Figure 

10c-d) compared to when the biomarkers were varied individually (Figure 9). The dilution factor 

and best buffer(s) to dilute tears in for optimal sensor performance will be elucidated when the 

sensor is further trained using samples from patients with chronic dry eye conditions, as well as 

age-matched, healthy controls. 

 

Here, as an example of how measured LSPR shifts could be interpreted for diagnosing dry eye, we 

provide a discussion of the data assuming an idealized scenario, where the mass ratio of lysozyme 

and lactoferrin is 1:1 and the healthy concentration range for both proteins matches values reported 

in literature (Table 2). In this example, tears would be diluted 1/20 in PBS such that the 

concentrations in Figure 10b (32, 72, 112, and 152 µg/mL) would correspond to lysozyme + 
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lactoferrin concentrations of approximately 0.64, 1.4, 2.2, and 3.0 mg/mL in the undiluted tears, 

respectively. The highest concentration (152 µg/mL in diluted tears or ~ 3.0 mg/mL in undiluted 

tears) falls within the normal range for healthy, non-dry eye (NDE) subjects, the second highest 

concentration (112 µg/mL in diluted tears or ~ 2.2 mg/mL in undiluted tears) is at the lower end 

of what is considered healthy concentrations of both proteins, and the two lowest concentrations 

(32 and 72 µg/mL in diluted tears or ~ 0.64 and 1.4 mg/mL in undiluted tears, respectively) would 

be classified as abnormal, resulting in a dry eye (DE) diagnosis. Thus, based on the current data 

set, the LSPR shifts would be classified as follows: ³35 nm = NDE (yellow region, Figure 10b), 

29 – 35 nm = borderline/additional testing recommended (orange region, Figure 10b), and £ 29 

nm = DE (red region, Figure 10b).  

 

For AuNS@PNM in HBS, which quickly reached saturation when both lysozyme and lactoferrin 

concentrations were increased simultaneously (Figure 10c-d), higher dilutions (e.g., 1/40) would 

be necessary in order to better distinguish among NDE, borderline, and DE levels of lysozyme and 

lactoferrin. Given these dilution factors, just 5 µL of tears, a reasonable volume to collect from 

patients with chronic dry eye, would be enough to perform multiple replicates using this LSPR-

based assay. 
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Figure 10. Analysis of LSPR shifts upon simultaneous variation of biomarker concentration 

in human tears. Gaussian fits to LSPR peaks of AuNS@PNM normalized extinction spectra and 

quantitative analysis of shifts in LSPR of AuNS@PNM with increasing concentrations of both 

lysozyme (Lys) and lactoferrin (Lf) in either PBS or HBS. For clarity, Gaussian fits for high 

concentrations (i.e., >96 µg/mL) were omitted. The shifts in LSPR in PBS (a-b) were smaller and 

showed a larger dynamic response across the concentrations tested compared to shifts observed in 

HBS (c-d). LSPR shifts which correspond to those of dry eye (DE) are represented by the red 

region, those which are borderline/additional testing recommended are represented by the orange 

region, and those which would be classified as non-dry eye (NDE) are represented by the yellow 

region (b,d). Data are reported as mean ± SD (n≥3). 

We believe that by optimizing dilution factor, buffer, and AuNS@PNM concentration, it will be 

possible to use this single receptor to distinguish DE from NDE tears. However, if cross-reactivity 

turns out to be a problem when lysozyme and lactoferrin concentrations are unequal, there are a 

few alternative approaches that could be considered: protein sequestration or differential sensing. 
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In protein sequestration, careful buffer selection could be used to reduce competition. Specifically, 

if diluted tears were first incubated with AuNS@PNM in PBS, we would expect lysozyme to 

occupy the binding sites first. Then, the AuNS@PNM with bound lysozyme could be removed via 

centrifugation, and the supernatant, which presumably would still have high lactoferrin 

concentration, could be buffer exchanged into HBS and additional AuNS@PNM could be added 

to the HBS diluted tears, where binding between AuNS@PNM and lactoferrin is strong. Then, the 

LSPR shifts for both the first set of AuNS@PNM (in PBS, lysozyme bound) and second set of 

AuNS@PNM (in HBS, lactoferrin bound) could be measured to obtain information about the 

concentrations of both biomarkers. 

 

In differential sensing, a pattern is created from a suite of cross-reactive receptors to verify the 

presence of biomarkers in solution.90 Moreover, the patterns can be used to analyze analyte 

concentrations, as well as the consistency of one biological mixture to the next (e.g., human 

tears).91,92 While in the present study we only used a single receptor, the synthesis scheme 

presented could be used to fabricate an array of receptors composed of additional ionic monomers, 

as well as dynamic covalent monomers to enhance protein interaction and specificity. By 

expanding the number of receptors investigated (i.e., hydrogel modified AuNSs of varying 

formulations), protein biomarkers tested, and buffers explored, differential sensing could be 

employed to extract a multitude of information about the tear composition and ultimately lead to 

a diagnostic platform for dry eye. Additionally, this technology could be adapted and applied to 

detect protein biomarkers present in other biological fluids to help diagnose additional diseases. 

 

CONCLUSIONS 
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In this work, a method for synthesizing PNM, a protein-binding polymer, on the surface of AuNSs 

was developed. Additionally, the ability of these materials to serve as both molecular recognition 

and signal transduction agents was tested. Indeed, binding of two biomarkers of chronic dry eye, 

lysozyme and lactoferrin, caused large (up to 50 nm) shifts in the LSPR wavelength of 

AuNS@PNM. These large shifts enabled detection of clinically relevant concentrations of both 

protein biomarkers. Further training of the sensor with tears from individuals (both healthy and 

those with dry eye) will validate the potential for clinical translation as a rapid and affordable 

screening test for chronic dry eye and associated diseases. 

 

METHODS 

Materials 

Poly(ethylene glycol) methacrylate (PEGMA) (MW of PEG block = 400) was purchased from 

Polysciences, Inc. (Warrington, PA). Formaldehyde (Macron Fine Chemicals), 1N sodium 

hydroxide, sodium chloride, 10X PBS, and FisherBrand Premium 1.5 mL polypropylene tubes 

were purchased from Thermo Fisher Scientific (Waltham, MA). Low adhesion centrifuge tubes 

were purchased from Andwin Scientific (Schaumburg, IL). Aminated silica nanoparticles (NPs) 

were purchased from (Nanocomposix, San Diego, CA). Ultrapure water (final resistance = 18.2 

MΩ) was obtained from a Barnstead GenPure purification system from Thermo Fisher Scientific. 

Spectra/Por dialysis tubing was used for dialysis (12-14 kDa MWCO). Pooled human tears were 

purchased from Lee BioSolutions (Maryland Heights, MO). Human lysozyme and lactoferrin 

ELISA kits were purchased from Abcam (Cambridge, MA). All other reagents and proteins were 

purchased from Sigma- Aldrich (St. Louis, MO).  
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Synthesis of poly(NIPAM-co-MAA) on PMAO-g-PEGMA stabilized silica gold nanoshells 

Silica gold nanoshells (AuNSs) were prepared based on previously described methods.55,93 Details 

of the AuNS synthesis procedure are outlined in the Supporting Information, because it was found 

that slight variations in the protocol can dramatically affect the quality of the prepared AuNSs. 

AuNS concentration was calculated based on a molar extinction coefficient of 2.6 x 1011 M-1cm-1 

(estimated based on Mie theory calculations from Jain, et al., specifically Figure 5b).24 AuNSs (1.3 

mL, 30 pM) were concentrated by centrifugation (1000 g, 15 min) in low adhesion tubes (Andwin 

Scientific). The pellet was bath sonicated before adding 1 mL of PMAO-g-PEGMA in DI water 

(0.25 mg/mL, pH 7.4). Then, 20 µL of a 1% solution of dodecanethiol (DDT) in ethanol was 

quickly added to the AuNSs and vortexed for 1 minute. The PMAO-g-PEGMA stabilized AuNSs 

(AuNS@PMAO-g-PEGMA) were allowed to sit at room temperature for 48 hours, after which 

600 µL of the supernatant was removed.  

 

PNM was synthesized on the surface of AuNS@PMAO-g-PEGMA by adapting the precipitation 

polymerization procedure previously described for PNM.20 The modifications to the procedure 

were the addition of the AuNS@PMAO-g-PEGMA in the polymerization mixture and modifying 

the percentage of N,N’-methylenebisacrylamide (BIS) from 15 mol% to 5 mol% relative to 

monomer. After polymerization, the samples were dialyzed at room temperature against nanopure 

water (800 mL) with at least 6-8 water changes. The samples were then centrifuged at 1000g for 

15 minutes and re-suspended in water 3-5 times to concentrate AuNS@PNM and remove PNM 

nanogels without AuNS cores. AuNS@PNM were diluted to a concentration of approximately 5 

pM (OD of ~0.3 for 20 µL in a 384 well plate). Synthesis was repeated in quadruplicate. Yield 
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(based on volume required to reach the desired OD) was similar for batches 2-4 but low for batch 

1. 

 

Optimization of LSPR-based sensor  

All LSPR spectra were measured using a BioTek Cytation 3 Cell Imaging Multi-Mode Plate 

Reader (BioTek Instruments). The sensitivity of AuNSs compared to AuNPs to refractive index 

changes was tested by measuring the absorbance spectra of both nanomaterials in solutions of 

different weight percent sucrose. The refractive indices of sucrose solutions are well-established 

and often used as refractive index standards.56 AuNSs or AuNPs (made by the Turkevich method94) 

were combined with the sucrose solutions and absorbance spectra were recorded. After 

determining the refractive index sensitivity of the AuNSs, AuNS@PNM and protein solutions in 

either 0.2X phosphate buffered saline (PBS; 0.2X = 20 mM Na2HPO4, 3.6 mM KH2PO4, 27.4 mM 

NaCl, 0.54 mM KCl, I =34.6 mM,  pH 7.4) or 0.2X histidine buffered saline (HBS; 0.2X = 5 mM 

L-histidine, 28 mM NaCl, I =34.8 mM, pH 5.5) were combined in a 1:1 volume ratio in a 384 well 

plate for measuring absorbance spectra. 

 

LSPR-sensing of dry eye biomarkers in tears 

Commercially available human ELISA kits (Abcam) were used to quantify the concentrations of 

lysozyme and lactoferrin in pooled human tears (Lee BioSolutions). Preparation and analysis of 

the ELISAs were performed according to the manufacturer’s instructions. Human tears were 

diluted by a factor of 25,000 prior to use in the ELISA kit. Subsequent serial dilutions of the 

prepared tear solution were used to determine protein concentrations. Measurements were repeated 

in triplicate.  
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In order to vary concentration of the protein biomarkers individually, human tears were first diluted 

in either 0.2X HBS or 0.2X PBS to obtain an initial concentration of either lysozyme or lactoferrin 

at 16 µg/mL based on the ELISA results. Then, concentrated solutions of human lysozyme or 

human lactoferrin in 0.2X HBS or 0.2X PBS (1 mg/mL) were spiked into the respective buffered 

tear solutions to obtain final protein concentrations ranging from 16 – 216 µg/mL in 20 µg/mL 

increments. AuNS@PNM in water (5 pM) were combined with each protein solution at various 

concentrations at a 1:1 ratio in a 384 well plate (resultant pathlength = 2.3 mm). Each background 

subtracted spectrum collected from these studies (from 650-950 nm) was fit to an 8-term Gaussian 

in MATLAB (Version R2015b). Representative extinction spectra over the entire collected 

wavelength range (absolute, 400-1000 nm) and the Gaussian fit region (normalized, 650-950 nm) 

are shown in Figure S5. The LSPR wavelength was taken as the average of the centers of the 

Gaussians for at least three independently synthesized AuNS@PNM batches.  

 

For studies where lysozyme and lactoferrin were varied simultaneously, human tears were diluted 

in either 0.2X HBS or 0.2X PBS to obtain an initial 16 µg/mL concentration of lactoferrin (at this 

concentration of lactoferrin in tears, lysozyme is present at ~ 8 µg/mL). A 3 mg/mL solution of 

human lysozyme in either 0.2X HBS or 0.2X PBS was prepared and added to the buffer diluted 

tear solution to obtain a working concentration of both lysozyme and lactoferrin at 16 µg/mL. The 

combined total protein concentration of lysozyme and lacterferrin was 32 µg/mL. Then, solutions 

of lysozyme and lactoferrin (1 mg/mL) in either 0.2X HBS or 0.2X PBS were prepared and added 

to the respective buffered tear solutions to obtain final total protein concentrations ranging from 

32 – 432 µg/mL in 40 µg increments. AuNS@PNM in water were combined with each protein 
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solution at various concentrations in a 1:1 ratio in a 384 well plate. Spectra collection and analysis 

was performed as previously mentioned.   

Statistics 

Absorbance measurements were repeated twice for at least three independently synthesized 

batches of AuNS@PNM and results are presented as mean ± SD. Data comparing shifts in LSPR 

in 0.1X PBS vs. 0.1X HBS were analyzed using Student’s t tests. Data comparing shifts in LSPR 

in diluted tears for different protein concentrations were analyzed using multiple one-way 

ANOVAs in GraphPad Prism. Data were binned for protein concentrations where LSPR shifts 

were not statistically different. 
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