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Abstract

Due to the high cost and environmental instability of antibodies, there is precedent for developing 

synthetic molecular recognition agents for use in diagnostic sensors. While these materials 

typically have lower specificity than antibodies, their cross-reactivity makes them excellent 

candidates for use in differential sensing routines. In the current work, we design a set of charge-

containing poly(N-isopropylacrylamide) (PNIPAM) nanogels for use as differential protein 

receptors in a turbidimetric sensor array. Specifically, NIPAM was copolymerized with 

methacrylic acid and modified via carbodiimide coupling to introduce sulfate, guanidinium, 

secondary amine, or primary amine groups. Modification of the ionizable groups in the network 

changed the physicochemical and protein binding properties of the nanogels. For high affinity 

protein-polymer interactions, turbidity of the nanogel solution increased, while for low affinity 

interactions minimal change in turbidity was observed. Thus, relative turbidity was used as input 

for multivariate analysis. Turbidimetric assays were performed in two buffers of different pH (i.e., 

7.4 and 5.5), but comparable ionic strength, in order to improve differentiation. Using both buffers, 

it was possible to achieve 100% classification accuracy of eleven model protein biomarkers with 

as few as two of the nanogel receptors. Additionally, it was possible to detect changes in lysozyme 

concentration in a simulated tear fluid using the turbidimetric sensor array.
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Introduction

Turbidity is a classic analytical tool in biochemistry used to monitor many properties and 

events including water quality,1 bacterial growth rate,2 precipitation of sulfates,3,4 and 

immunoprecipitation.5 The latter led to the development of sensors based on the increase in 

turbidity that occurs upon formation of large immunocomplexes (i.e., binding between 

multiple antibodies and antigens).6 Conjugating antibodies to particle surfaces enhances the 

sensitivity of these immunoturbidimetric assays by increasing the aggregate size and, 

consequently, scattering.7 Such particle-enhanced turbidimetric immunoassays (PETIAs) 

have been used since the 1920’s, and currently PETIAs for a variety of analytes are 

commercially available.8–10 Turbidimetric assays have the advantages of being label-free, 

fast (<20 min), and easy to perform on commonplace equipment (i.e., microwell plate 

readers).11,12 One disadvantage of common turbidimetric assays is that they require the use 

of antibodies, which have poor environmental stability, and the routine methods for antibody 

production are associated with high cost.13,14 If particle-immobilized antibodies could be 

replaced by synthetic receptors, the affordability and robustness of these assays could be 

improved, making them even more attractive as point-of-care diagnostic platforms.

As less expensive, more environmentally robust alternatives to antibodies, crosslinked 

hydrogels can be used as artificial protein receptors. Several researchers, particularly the 

Luchini, Liotta, and Shea groups, have demonstrated the utility of multifunctional nano- and 

microgels made from poly(N-isopropylacrylamide) (PNIPAM) for protein binding 

applications.15–21 In their work, it is noted that while hydrophobic functional groups and 

multivalent interactions alter protein binding behavior, ionizable functional groups were 

present in all of the best performing (i.e., high binding) particles.15–21 However, charge-

containing materials are prone to cross-reactive binding of proteins with similar isoelectric 

points (pIs). While prohibitive for applications requiring high selectivity, such cross-

reactivity is beneficial for differential sensing routines. In the current report, the utility of 

PNIPAM nanogels as differential receptors is explored for the first time.

Differential sensing is an approach inspired by how our chemosensory systems work. Rather 

than employing a single, high affinity receptor for every molecule we encounter, these 

systems employ multiple receptors that bind different molecules to different extents to 

collectively produce distinct tastes and smells. Similarly, in differential sensing, multiple 

cross-reactive receptors and/or multiple output signals are used to achieve analyte 

differentiation. Specifically, the cross-reactive receptors are combined in a sensor array and 

the signal output pattern generated upon analyte binding is linked to a specific analyte or 

mixture of analytes using multivariate analysis tools, such as linear discriminant analysis 
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(LDA) and principal component analysis (PCA). Such sensor arrays are capable of not only 

differentiating multiple analytes, but also changes in analyte concentration. Overall, the 

advantage of differential sensing routines is that analyte differentiation can be achieved 

without the need for expensive, unstable receptors (e.g., antibodies).22

Original work in the field of differential sensing was done for small molecules in gases, but 

was later expanded to include applications in liquid systems.23 Sensor arrays have been 

developed to differentiate a variety of solution-based analytes, ranging from small 

molecules24,25 to proteins26 and whole cells.27 The first report of using differential sensing 

for distinguishing classes of proteins (e.g., high vs. low isoelectric point, glycosylated vs. 

not glycosylated, etc.) was by Wright et al. in 2005.28 Since this report, several other groups 

have developed sensor arrays for distinguishing proteins based on their different properties 

(e.g., pI, MW, glycosylation, metallo vs. non-metalloprotein, surface hydrophobicity, etc.) 

using a wide variety of recognition and transduction elements.29–37 Notably, until the current 

report, no sensor array had been developed that exclusively uses changes in relative turbidity 

for signal transduction/input for multivariate analysis.

In this work, we explore how the identity of the ionizable groups in PNIPAM-based 

nanogels affects protein binding, and then use the nanogels as cross-reactive receptors in a 

turbidimetric sensor array. The functional groups were introduced via post-synthesis 

modification of nanogels made from NIPAM and methacrylic acid (MAA) (poly(NIPAM-

co-MAA)), specifically using a carbodiimide-coupling strategy to link amine-containing 

molecules (i.e., ligands) to the carboxyl groups of MAA.38 The five ionizable functional 

groups tested were carboxyl, sulfate, guanidinium, secondary amine, and primary amine 

groups. We discuss the ability to incorporate the ligands into the nanogels and investigate 

how the functional groups affect the nanogel characteristics, specifically hydrodynamic 

diameter, zeta potential, and protein binding properties. Then, we demonstrate the ability to 

utilize these nanogels in a turbidimetric sensor array. By performing the protein binding in 

two different buffers, it was possible to differentiate eleven proteins with a range of 

molecular weights and isoelectric points without needing to incorporate a colorimetric or 

fluorescence reporter. Lastly, we demonstrate the ability of the sensor array to differentiate 

changes in protein concentration in a simulated tear fluid.

Results and discussion

Nanogel synthesis and modification

The receptors for differential sensing investigated in this work are charge-containing 

PNIPAM nanogels. The temperature-dependent hydrophobicity of PNIPAM enables 

synthesis of nanogels via precipitation polymerization, an advantageous method for protein 

binding applications for several reasons. First, this technique results in production of 

nanogels with narrow size distributions, which is important for reproducibility.39 Second, the 

resultant nanogels are highly swollen at room temperature, a necessary feature for protein 

diffusion into the polymer network. Additionally, in this work, a surfactant-free precipitation 

polymerization was employed to eliminate potential surfactant mediated complications 

during protein-binding studies (e.g., surfactant-protein interactions). MAA was included in 

the polymerization to promote electrostatic interactions with high isoelectric point (pI) 
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proteins and as a reactive handle for introducing different functional groups to vary affinity 

properties.

Unlike many other ionic co-monomers, such as 2-aminoethylmethacrylate hydrochloride40 

or 2-acrylamido-2-methyl-1-propanesulfonic acid,41 incorporation of acrylic acid or MAA at 

high percentages (i.e., >10%) can be achieved without the use of surfactants.42,43 The upper 

limit of incorporation of a co-monomer is determined by the amount that can be 

incorporated while still allowing the polymer to be sufficiently hydrophobic to undergo 

collapse and nucleation. Increasing the hydrophilicity of the polymer diminishes the ability 

to form stable, uniform nanoparticles.44

For the reaction conditions used in this work, the polymerization solution has a pH of 

approximately 3.6 due to the acidity of MAA. At this pH, the MAA will be more than 90% 

protonated and sufficiently hydrophobic for stable nanoparticle formation. The incorporation 

of MAA determined by potentiometric titration (15.7 ± 0.4 weight%) was higher than the 

feed ratio (10.9 weight% = 17.3 mol%). Given the reactivity ratios of MAA (r1=1.13) and 

NIPAM (r2 = 0.89), this MAA enrichment in the polymer composition relative to the feed 

ratio was not surprising.45 Rather than incorporating other ionic co-monomers at low-levels 

during synthesis, the other functional groups were incorporated using a post-synthesis 

modification. More specifically, modification of the carboxylic acid groups of poly(NIPAM-

co-MAA) was done using a single-step carbodiimide coupling protocol. The ionic ligands 

used in this work are shown in Figure 1.

Throughout the remainder of the discussion, unmodified nanogels will be referred to as R1 
and modified nanogels will be referred to as R2–R5 corresponding to the ligands with which 

they were modified. Reaction conditions (i.e., molar ratio of amine:COOH, concentration of 

EDC, pH) were optimized in an effort to maximize coupling efficiency. While N-

hydroxysulfosuccinimide (sulfo-NHS) is often reported to improve coupling efficiency,38 

under the reaction conditions tested, sulfo-NHS did not improve the coupling efficiency, and 

thus was excluded in order to reduce cost.

The efficiency of modification of poly(NIPAM-co-MAA) with the amines ligands was 

quantified by potentiometric titration (Table 1, Figure S1). With all other reaction conditions 

kept the same, the coupling efficiency is dependent on the properties of the ligand.46 For the 

ligands tested, our hypothesis was that variations in coupling efficiency were due to 

differences in charge character. Specifically, AEHS, the only zwitterion tested, had the 

lowest coupling efficiency. The combination of repulsive (from the sulfate) and attractive 

(from the primary amine) forces between this ligand and the anionic nanogels will reduce 

the electrostatic driving force for partitioning of this ligand into the R1 nanogels relative to 

the dicationic ligands. The coupling efficiency of AGS was significantly lower than the other 

dicationic ligands. Our hypothesis for this result is that the particularly high affinity 

interaction between the guanidinium group of AGS and sulfate ions present in solution, and 

on the surface of the nanogels, reduced the electrostatic partitioning of AGS into the 

unmodified nanogels and consequently resulted in reduced coupling efficiency.47,48 When 

guanidinium hydrochloride was included to interfere with sulfate-agmatine interactions, the 

coupling efficiency was increased from 50.4 ± 4.3% to 73.7 ± 3.3%.
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Additionally, zeta potential measurements matched what would be expected based on the 

identity of the ionizable groups and the titration results (Table 2). Specifically, the anionic 

nanogels, R1 and R2, had highly negative zeta potentials, while R4 and R5 nanogels had 

positive zeta potentials, as the majority of the carboxyl groups were successfully converted 

to amines. R3 nanogels still had a net negative zeta potential because of the inefficient 

coupling of AGS. 1H NMR (Figure S2) and FTIR spectroscopy (Figure S3) further 

confirmed successful modification.

When using nanogels as protein receptors, it is important to realize that in addition to 

changing the charge character, changing the type of ionizable group affects the swelling 

behavior of hydrogels, which can have an impact on diffusion of proteins into the networks. 

Thus, before protein binding, the charged nanogels were also characterized by dynamic light 

scattering (DLS) and transmission electron microscopy (TEM). The low polydispersity 

indices (PDIs) and TEM images confirmed formation of spherical nanogels with narrow size 

distributions (Table 2, Figure S4). The type of ionizable group significantly affected the 

hydrodynamic diameter of the nanogels. It is well understood that hydrogels containing 

weakly acidic or basic functional groups undergo pH-responsive swelling due to changes in 

osmotic balance as the degree of ionization changes.49 More specifically, anionic hydrogels 

are collapsed at low pH, but swell as the pH transitions above the pKa of the acidic group. 

Conversely, cationic hydrogels are collapsed at high pH, but swell as the pH drops below the 

pKa of the basic functional group.

Accordingly, R1 nanogels were the most highly swollen in 0.1X phosphate buffered saline 

(PBS, pH 7.4, ionic strength ~ 17.3 mM). However, the R2 nanogels, which also contain 

acidic functional groups, were significantly more collapsed than R1 nanogels. We attribute 

the decrease in hydrodynamic diameter to the two additional hydrogen bond acceptors 

present in sulfate groups relative to carboxyl groups, which only have two hydrogen bond 

acceptors. The polymer network has an abundance of hydrogen bond donors (i.e., protons 

from amide bonds of N,N’-methylenebisacrylamide (BIS) and NIPAM) that can form 

additional hydrogen bonds with the sulfate groups, resulting in additional tie points and, 

consequently, decreased mesh size.

It was expected that the cationic nanogels would be at least partially collapsed at pH 7.4. 

Indeed, R3–R5 all had similar hydrodynamic diameters, approximately 100 nm less than 

that of the unmodified nanogels in 0.1X PBS. In 0.1X histidine buffered saline (HBS, pH 

5.5, ionic strength ~ 17.4 mM), R1 was significantly more collapsed than in 0.1X PBS, as 

would be expected for a carboxyl containing hydrogel as it goes from a near-neutral to acidic 

pH. For all other nanogels, a statistical difference between the hydrodynamic diameters in 

0.1X HBS and 0.1X PBS was not observed.

Protein binding studies

As discussed in the introduction, several groups have demonstrated the utility of using 

PNIPAM based nanogels as protein receptors. In this work, protein binding studies were 

performed to confirm and characterize the cross-reactivity of charge-containing PNIPAM 

nanogels, a necessary feature for development of a differential sensor array. Specifically, we 
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investigated how the buffer and type of ionizable groups present in the nanogels affected 

protein binding.

The proteins tested (Table 3) were chosen because they have a wide range of molecular 

weights and isoelectric points, and thus would allow us to test the sensor array’s range of 

performance. Furthermore, several of the proteins are high abundance proteins that serve as 

biomarkers for certain diseases. For example, lysozyme and lactoferrin are present at high 

concentrations in tears (1–3 mg/mL and 0.9–3.1 mg/mL, respectively), but are under-

expressed (<1 mg/mL and < 0.9 mg/mL, respectively) in tears of patients with dry eye or 

Sjögren’s syndrome.50,51 As another example, the serum albumin:globulin ratio is frequently 

monitored in cancer patients due to its prognostic significance.52,53

In order to optimize the conditions for protein binding, the effects of ionic strength, 

temperature, and inclusion of a non-ionic surfactant on lysozyme binding to unmodified 

(R1) nanogels was tested. Specifically, protein binding was performed in 0.1X PBS or 1X 

PBS (ionic strength ~ 173 mM), with or without Tween 20, and at room temperature or 37°C 

(Figure S5a). When 1X PBS was used as the buffer, there was a statistically significant 

decrease in adsorption capacity of R1 nanogels for lysozyme compared to 0.1X PBS 

(p<0.005). This is not a surprising result, as the decreased mesh size and increased charge 

screening that result from increased ionic strength are both factors that will inhibit protein 

binding (Figure S5b). Addition of Tween 20, which reduces non-specific adsorption of 

proteins to surfaces,54 did not affect adsorption capacity.

Protein binding was also performed at 37°C, a temperature above the lower critical solution 

temperature (LCST) of PNIPAM where the nanogels were expected to exhibit more 

hydrophobic character. Interestingly, there was no observable temperature swelling behavior 

at pH 7.4 (Figure S5b), which we attribute to the high content of deprotonated MAA making 

the polymer too hydrophilic to enable hydrophobic collapse at this pH. Without a large 

change in mesh size or hydrophobic character, it is not surprising that there was no statistical 

difference between the adsorption capacity at room temperature or at 37°C.

For the remainder of this work, protein binding studies were performed in 0.1X PBS (pH 

7.4) or 0.1X HBS (pH 5.5) at room temperature. The proteins tested are generally classified 

as low pI (pI<6.0), near-neutral pI (6.0 ≤ pI ≤ 8.0), or high pI (pI > 8.0) throughout the 

discussion. Adsorption capacity (i.e., mass of protein bound per mass of particle) was 

determined for each polymer-protein-buffer combination at a fixed protein concentration 

(0.5 mg/mL). The obtained adsorption capacity values were used to compare relative affinity 

for the eleven proteins. Specifically, a given nanogel will have a constant number of 

available binding sites (i.e., nanogel pores) and thus a higher adsorption capacity 

corresponds to a higher fractional occupancy and, in turn, lower dissociation constant, KD 

(i.e., higher affinity). The upper limit for adsorption capacity will depend on both the KD 

and the equilibrium volume swelling of the nanogels.

Overall, the protein binding trends confirmed that electrostatic interactions were the primary 

driving force for protein binding. In 0.1X PBS, the anionic nanogels (R1 and R2) 

preferentially bound high pI proteins, while the cationic nanogels (R4 and R5) preferentially 
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bound low pI proteins, albeit with much lower overall adsorption capacity (Figure 2a). The 

lower adsorption capacity of proteins to R3, R4, and R5 nanogels may be attributed to 

several factors. First, these nanogels have smaller hydrodynamic diameters, and thus mesh 

size, than R1 and R2. Protein diffusion into hydrogel networks is hindered as a consequence 

of decreased mesh size,57 ultimately limiting protein binding to near the surface of the 

nanogels. Second, the presence of sulfate groups from the ammonium persulfate initiator and 

residual carboxyl groups could diminish the electrostatic driving force for binding of low pI 

proteins. Lastly, protein binding is weakened by competitive interactions with buffer ions 

that have the opposite charge of the nanogels, which was the case for cationic gels (R4 and 

R5) in 0.1X PBS.

When protein binding was performed in 0.1X HBS instead of 0.1X PBS, the change in 

degree of ionization of the nanogels and proteins was expected to significantly influence 

protein binding (Figure 2b–c). The most notable differences were changes in R1 adsorption 

capacity. At pH 5.5, the R1 nanogels are less negatively charged and have smaller mesh size 

than at pH 7.4, diminishing the electrostatic attraction for high pI proteins and increasing 

steric hindrance. Accordingly, adsorption capacities for lysozyme and cytochrome c were 

significantly lower in 0.1X HBS than in 0.1X PBS (p<0.005). On the other hand, near-

neutral pI proteins became more positively charged as a result of this buffer change, 

increasing their electrostatic attraction to R1 nanogels. Consequently, the adsorption 

capacities for hemoglobin and gamma globulins, and, to a lesser extent, other proteins with 

isoelectric points between 4.8–8.7, significantly increased (p<0.005). Similarly, the 

adsorption capacities of R2 for hemoglobin and gamma globulins were higher, while 

adsorption capacities for cytochrome c and lysozyme were lower in 0.1X HBS compared to 

0.1X PBS. For R2, the hydrodynamic diameter did not significantly change, so the decrease 

in adsorption capacities for cytochrome c and lysozyme may be attributed to protonation of 

residual carboxyl groups and competition with histidine ions in the buffer for nanogel 

binding sites. Likewise, adsorption capacity of R3 for all high pI proteins decreased in 0.1X 

HBS (p<0.005).

Adsorption capacity of R4 for all proteins was significantly decreased in 0.1X HBS 

compared to 0.1X PBS (p<0.05), which may be due to both the proteins and R4 nanogel 

being more positively charged at pH 5.5, increasing electrostatic repulsion. For R5, the 

degree of ionization of primary amine groups will not be significantly different in the two 

buffers and thus the changes in adsorption capacity were small or not statistically significant. 

All significant changes (p<0.05) were decreases in adsorption capacity, which may be 

explained by the proteins being more positively charged at this pH. Furthermore, the protein 

binding behavior of the nanogels can be altered by changing the buffer, a useful property for 

protein differentiation. Overall these results demonstrate that the identity and degree of 

ionization of the nanogel functional groups dictate protein binding behavior by affecting 

both electrostatic interactions and pore (i.e., binding site) size.

Turbidimetric differential sensing

Having demonstrated cross-reactive protein binding properties, we next sought to utilize 

these nanogels as receptors in a turbidimetric sensor array. Turbidity is a result of a 
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combination of scattering, absorbance, and interference.58 Commercially available 

turbidimetric assays typically employ nanoparticles of a specific size that are functionalized 

with antibodies for a target analyte.59 Depending on the analyte and nanoparticle 

concentrations, analyte binding results in particle agglutination or aggregation. Due to the 

larger size of these aggregates compared to individual particles, there is increased light 

scattering and, consequently, increased turbidity of the solution. Turbidity changes are quick 

and easy to determine by measuring the absorbance of the solution.59 A turbidimetric sensor 

array would be advantageous for biosensing, particularly for diseases where changes in both 

total protein content and specific protein concentrations provide diagnostic information. For 

example, in dry eye and Sjögren’s syndrome, total tear protein content is significantly 

decreased due to down regulation of the major protein constituents, specifically lactoferrin, 

lysozyme, and lipocalin 1.50

Noticeable changes in turbidity were observed upon protein binding to charged PNIPAM 

nanogels. For high affinity protein-polymer interactions, there was a fast and visually 

apparent increase in turbidity, while for low affinity interactions there were insignificant 

changes in turbidity relative to the polymers in just buffer (Figure S6). In all cases except for 

R3 nanogels in HBS (for which protein binding was undetectable by MicroBCA), there was 

a positive correlation between adsorption capacity and turbidity (Figures S7). According to 

Mie theory, increasing the radius and/or refractive index of particles leads to an increase in 

scattering cross-section and thus turbidity.60 To understand the reason for the observed 

increase in turbidity (i.e., radius increase due to aggregation or refractive index increase), we 

performed DLS to determine if there was an increase in the hydrodynamic diameter of the 

nanogels after protein binding (Figure S8).

In general, increases in relative turbidity were not associated with substantial increases in 

hydrodynamic diameter. However, for R5, and to a much lower extent R4, the two proteins 

that caused turbidity increases (i.e., fetuin and ovalbumin) also increased relative 

hydrodynamic diameter of the nanogels. These results agree with our conclusions from the 

adsorption capacity experiments, that is, the high adsorption capacity of proteins to R1 and 

R2 (in both buffers), and R3 (in 0.1X PBS) was attributed to protein binding throughout the 

network while adsorption to R4 and R5 was attributed primarily to surface binding. 

Accordingly, for R4 and R5, DLS results suggest the main factor causing the increased 

turbidity is surface binding leading to particle aggregation,61 similar to standard particle-

enhanced turbidimetric immunoassays.59 For R1-R3, however, the increase in turbidity was 

primarily due to an increase in refractive index as a result of protein molecules filling the 

volumes of the nanogels.62

Relative turbidity values for each protein-polymer interaction were used as input for 

multivariate analysis. We note that each receptor was considered as a distinct host in the 

different buffers, for example R1 could serve as two receptors: R1PBS and R1HBS. PCA and 

LDA were used to determine whether the cross-reactive nanogels were able to distinguish 

among the eleven proteins tested. For thorough discussions on the utility of PCA and LDA 

for differential sensing applications, we refer the reader to several recent reviews from the 

Anslyn group.22,63 Briefly, PCA is an unsupervised method (i.e., analyte classes are 

unknown) and reduces dimensionality by determining the directions within the data that 
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maximize the set’s variance while ignoring class labels. In this method, the first two 

principal components (PC1 and PC2) contain the majority of the set’s variance. The amount 

of variance contained within PC1 and PC2 are often shown as percentages in parentheses on 

the plot axes. The loading vectors on PCA biplots show the extent that each host (i.e., 

receptor, nanogel) contributes to the guest (i.e., analyte) discrimination. LDA is a supervised 

method (i.e., analyte classes are known and are taken into consideration) that seeks to reduce 

the dimensionality of the data by maximizing variance between classes and minimizing 

variance within each class.

One of the most important properties of a sensor array is its predictive power, or the ability 

of the sensor array to correctly identify unknown analytes. The predictive power can be 

assessed using cross-validation techniques such as jack-knife (also known as “leave-one-

out”) analysis, which provides information on classification accuracy for the set of receptors 

and analytes tested. Visually, sensor arrays with good predictive power will have large 

separation of proteins with different classes and tight clustering of proteins of the same 

identity. Confidence ellipses, which depict uncertainty in the data, are often included on 

LDA plots to help visualize separation. In a sensor array with good predictive power there 

should be tight confidence ellipses with little to no overlap.

Multivariate analysis with every combination of receptors (lowest number of receptors = 2, 

highest number of receptors = 10) was performed to determine which combinations provided 

the best classification accuracy (Table S1). Overall, receptors in 0.1X HBS provided better 

differentiation than receptors in 0.1X PBS. To clearly demonstrate the charge-dependent 

trends, the colors in the PCA and LDA plots correspond to the different pI classes, with red 

shades corresponding to low pI proteins, gray shades corresponding to near-neutral pI 

proteins, and blue shades corresponding to high pI proteins (Figures 3–4). Not surprisingly, 

when only 0.1X PBS was used as the binding buffer, R1, R2 and R3 (the net anionic 

nanogels) contributed primarily to separation of high pI proteins while R4 and R5 (the net 

cationic nanogels) contributed primarily to separation of low pI proteins (Figure 3a,b). LDA 

resulted in poor separation of near-neutral pI proteins, which led to misclassification of 

myoglobin (M), hemoglobin (H), and gamma globulins (G) as each other or as ovomucoid 

(TI) (Figure 4a). The overall classification accuracy based on jack-knife analysis was 81.8%.

When only 0.1X HBS was used as the buffer, R1 and R2 contributed to separation of high 

and near-neutral pI proteins as both of these protein classes will be net cationic at pH 5.5. 

R4 and R5 still contributed mostly to separation of low pI proteins (Figure 3c,d), as would 

be expected because of electrostatic complementarity. The exception was myoglobin, which 

clustered more closely to low pI proteins than the other near-neutral pI proteins. In 0.1X 

HBS, low pI proteins were generally better separated than in 0.1X PBS, while the overlap 

between near-neutral and high pI proteins increased. Nonetheless, LDA correctly classified 

100% of the proteins according to jack-knife analysis (Figure 4b). However, the significant 

overlap of the confidence ellipses made us wary of the true predictive power of the sensor 

array.

To improve the sensor array performance, turbidity data for experiments done in both 0.1X 

HBS and 0.1X PBS were used as input for multivariate analysis. 100% classification 
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accuracy by LDA was achieved when as few as two receptors (either R1 + R4 or R2 + R4) 

were used (Table S1), but the overlap between confidence ellipses was still substantial 

(Figure S8). When three receptors, particularly R1 + R2 + R4 were used, better separation 

was achieved (Figure 3e,f). Again, the loading vectors match what would be expected based 

on electrostatic complementarity and the measured adsorption capacities. Specifically, R1 
and R2 in 0.1X PBS contributed mostly to separation of high pI proteins, R1 and R2 in 0.1X 

HBS provided separation of near-neutral pI proteins, and R4 in both buffers helped 

differentiate low pI proteins. LDA classification accuracy was 100% by jack-knife analysis, 

but now the confidence ellipses had minimal overlap (Figure 4c).

Another point that is clear from the score plots is that the proteins are not lined up simply 

from high to low pI along one principal component. This demonstrates that, in addition to 

differences in net charge, the nanogels differentiate the proteins based on other 

distinguishing properties of the proteins. Such properties could include differences in 

primary, secondary, and tertiary structures of the proteins; hydrophobicity of the protein 

surfaces; extent of glycosylation; and molecular weight. For example, lysozyme is 

particularly well separated from the other high pI proteins, which we attribute to its 

exceptionally high arginine content compared to the other high pI proteins, which have 

mostly lysine residues. Arginine can form additional hydrogen bonds with the nanogel 

networks and has a higher pKa than lysine, likely increasing the affinity between the 

nanogels and lysozyme.

As another example, fetuin and ovalbumin were closely clustered together. These proteins 

have similar molecular weights and both are glycoproteins, but the extent of glycosylation of 

the two proteins is different, with fetuin being highly glycosylated and ovalbumin having 

very low glycosylation64. However, it is clear that it is not just a matter of glycoprotein vs. 

non-glycoprotein, because ovomucoid, which is also a heavily glycosylated protein64, 

behaved more similarly to BSA, the one low pI protein that is not a glycoprotein. Overall, 

while proteins of the same pI class generally clustered near one another, other structural or 

chemical differences between the proteins resulted in complete differentiation by the 

nanogels.

After demonstrating differentiation of eleven individual proteins at a single concentration 

(0.5 mg/mL), we sought to demonstrate the ability to detect changes in protein concentration 

in a simulated biological fluid, specifically simulated tear fluid. The major protein 

constituents of tears are lysozyme, lactoferrin, immunoglobulins (primarily IgA), lipocalin 1, 

and mucins. The composition of the simulated tear fluid is shown in Table S2. Tears 

provided a particularly interesting example because our previous studies demonstrated that 

lactoferrin, gamma globulins, and lysozyme all bind receptors R1 and R2 at high levels 

when in 0.1X HBS pH 5.5 (Figure 2b). Thus, competition between these high abundance 

tear proteins was anticipated.

We expected that increasing protein concentration would increase the turbidity of each 

nanogel receptor, but with varying sensitivity corresponding to adsorption capacity trends. 

Thus, little-to-no cross-reactivity related to concentration between the receptors was 

anticipated, which would be evident in a score plot with the majority of the variance along 
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the first axis.63 We tested this hypothesis by increasing the concentration of lysozyme in a 

simulated tear fluid. Healthy levels for lysozyme in tears range between 1–3 mg/mL, with 

concentrations less than 1 mg/mL being suggestive of dry eye syndrome or Sjögren’s 

syndrome.50,51 The simulated tear fluid was diluted 1/10 in 0.1X HBS (pH 5.5) and the 

concentration of lysozyme was varied from 0 μg/mL to average healthy levels (200 μg/mL, 

for 1/10 dilution).

The relative turbidity was positively correlated with the lysozyme concentration for all 5 

receptors (Figure S10), with R1 and R2 exhibiting higher sensitivity than R3–R5. As 

anticipated, the majority of the variance was contained within the first factor (LD1, 99.38%). 

Importantly, however, LDA was able to correctly classify all concentrations tested (100% by 

jack-knife analysis), both above and below the physiologically relevant ranges for Sjögren’s 

syndrome, thereby permitting detection of abnormally low levels of lysozyme that would be 

observed in dry eye patients (Figure 5).

Conclusions

We have designed and characterized five charge-containing PNIPAM nanogels as differential 

protein receptors. The identity of the ionizable groups impacted the swelling behavior, 

charge character, and, consequently, the protein binding behavior of the nanogels. By 

performing turbidimetric protein binding assays in two buffers with different pH but 

comparable ionic strength, it was possible to differentiate the eleven model proteins using 

only two or three of the charge-containing PNIPAM receptors. The hypothesized 

mechanisms for relative turbidity increases are aggregation for protein surface binding and 

refractive index increase of the nanogel when protein binding occurs throughout the bulk of 

the nanogel. The main driving force for protein binding was favorable electrostatic 

interactions, making these nanogels adaptable for differential sensing of other protein 

biomarker panels. Importantly, it was possible to detect changes in protein concentration 

even in a complex matrix.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structures of ligands used to modify poly(NIPAM-co-MAA)
Unmodified nanogels (R1) contain carboxylic acid group. 2-aminoethylhydrogen sulfate 

(AEHS, R2), agmatine sulfate (AGS, R3), N-methylethylenediamine (NMEDA, R4), and 

ethylene diamine dihydrochloride (ED, R5) were used to introduce sulfate, guanidinium, 

secondary amine, and primary amine functional groups, respectively.
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Figure 2. Characterization of cross-reactivity of poly(NIPAM-co-MAA) nanogels
Adsorption capacity values (Q) of the eleven proteins to R1-R5 nanogels were determined 

from equilibrium protein binding experiments performed in (a) 0.1X PBS and (b) 0.1X HBS 

with initial protein concentrations of 0.5 mg/mL. (c) Difference between Q for protein 

binding in the two buffers (QHBS – QPBS) showing the impact of buffer on protein binding 

behavior. Statistical analysis was performed to determine significant differences in Q in the 

two buffers (n=3, Šidák’s test, $= p<0.05, # = p<0.01, * = p<0.001). Red shades = low pI 

proteins (pI < 6.0), gray shades = near-neutral pI proteins (6.0 ≤ pI ≤ 8.0), blue shades = 

high pI proteins (pI > 8.0).
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Figure 3. Principal component analysis of relative turbidity changes upon protein binding to 
nanogels
Two-dimensional (a, c, e) and three-dimensional PCA biplots (b, d, f) correspond to data for 

protein binding experiments performed with all five nanogels in 0.1X PBS (a and b), with all 

five nanogels in 0.1X HBS (c and d), or with only R1, R2, and R4 nanogels in both buffers 

(e and f). Red shades = low pI proteins (pI < 6.0), gray shades = near-neutral pI proteins (6.0 

≤ pI ≤ 8.0), blue shades = high pI proteins (pI > 8.0). In all cases, protein and nanogel 

concentrations were 0.5 mg/mL.
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Figure 4. Linear discriminant analysis of relative turbidity changes upon protein binding to 
nanogels
LDA plots with 95% confidence ellipses corresponding to data for protein binding 

experiments performed with all five nanogels in 0.1X PBS (a), with all five nanogels in 0.1X 

HBS (b), or with only R1, R2, and R4 nanogels in both buffers (c). While 100% 

classification accuracy (according to jack-knife analysis) was achieved using all five 

nanogels in 0.1X HBS, overlap of confidence ellipses was reduced using data from both 

buffers but only three of the nanogels. Red shades = low pI proteins (pI < 6.0), gray shades = 
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near-neutral pI proteins (6.0 ≤ pI ≤ 8.0), blue shades = high pI proteins (pI > 8.0). In all 

cases, protein and nanogel concentrations were 0.5 mg/mL.
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Figure 5. Multivariate analysis of relative turbidity changes upon varying lysozyme 
concentration in a dilute (1/10) simulated tear fluid
LDA plot with 95% confidence ellipses demonstrates that the majority of variance is 

contained within the first linear discriminant when lysozyme concentration is varied from 0 

μg/mL to an average healthy concentration (200 μg/mL). Concentrations less than 100 

μg/mL (i.e., 1 mg/mL in undiluted tears) are indicative of dry-eye or Sjögren’s syndrome.
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Table 1

Coupling efficiency of different ligands determined by potentiometric titration

Modification μmol/mg nanogel Coupling efficiency

R1 (Unmodified) 1.85 ± 0.05 N/A

R2 (AEHS) 1.33 ± 0.01 71.8 ± 1.5%

R3 (AGS) 1.36 ± 0.09 73.7 ± 3.3%

R4 (NMEDA) 1.66 ± 0.13 90.1 ± 5.4%

R5 (ED) 1.68 ± 0.11 90.9 ± 6.5%
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Table 2

Dynamic light scattering results for modified poly(NIPAM-co-MAA) nanogelsa

Nanogel Dh (nm) PDI ZP (mV)

R1 (PBS) 378.1 ± 15.4 0.030 ± 0.005 −25.0 ± 0.2

R2 (PBS) 306.4 ± 14.2 0.058 ± 0.026 −18.6 ± 0.7

R3 (PBS) 290.9 ± 8.7 0.011 ± 0.005 −9.7 ± 0.4

R4 (PBS) 283.9 ± 10.4 0.022 ± 0.009 4.3 ± 0.3

R5 (PBS) 280.1 ± 10.2 0.064 ± 0.039 6.3 ± 0.7

R1 (HBS) 308.5 ± 9.2 0.111 ± 0.016 −18.5± 1.1

R2 (HBS) 307.6 ± 3.9 0.147 ± 0.034 −15.7 ± 0.7

R3 (HBS) 299.4 ± 8.1 0.069 ± 0.059 −3.1 ± 0.4

R4 (HBS) 297.0 ± 3.6 0.095 ± 0.043 8.1 ± 1.0

R5 (HBS) 294.1 ± 8.4 0.094 ± 0.078 9.0 ± 0.9

a
Measurements were performed after suspension and sonication of lyophilized nanogels at a concentration of 1 mg/mL in 0.1X PBS (pH 7.4 ± 0.1) 

or 0.1X HBS (pH 5.5 ± 0.1). Values reported as mean ± SD (n=3).
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Table 3

Properties of proteins testeda

Protein PI MW (KDa)

Lysozyme (L) 11.35 14.3

Cytochrome c (C) 10.0–10.5 12.3

Trypsin (T) 10.1–10.5 24.0

Lactoferrin (LF) 8.7 82.4b

Myoglobin (M) 7.3, 6.8 17.6

Hemoglobin (H) 6.8 64.5

Gamma globulins (G) 6.5c 165b,c

Bovine serum albumin (B) 4.8 66.4

Ovalbumin (O) 4.5 44.3b

Ovomucoid (TI) 4.3d 28.8b,d

Fetuin (F) 3.3 48.4b

a
pI and MW from Sigma Datasheet unless otherwise specified

b
MW varies depending on glycosylation

c
Values reported from ref. 55

d
Values reported from ref. 56

Analyst. Author manuscript; available in PMC 2018 August 21.


	Abstract
	TOC Image
	Introduction
	Results and discussion
	Nanogel synthesis and modification
	Protein binding studies
	Turbidimetric differential sensing

	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1
	Table 2
	Table 3

