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ABSTRACT.  We report a glycoanalysis method in which lectins are used to probe the glycans 

of therapeutic glycoproteins that are adsorbed on gold nanoparticles. A model mannose-

presenting glycoprotein, ribonuclease B (RNase B), and the therapeutic monoclonal antibody 

(mAb) rituximab, were found to adsorb spontaneously and non-specifically to bare gold 

nanoparticles such that glycans were accessible for lectin binding. Addition of a multivalent 

binding lectin, such as concanavalin A (Con A), to a solution of the modified gold nanoparticles 

resulted in cross-linking of the nanoparticles.  This phenomenon was evidenced within 1 minute 

by a change in the hydrodynamic diameter, DH, measured by dynamic light scattering (DLS) and 

a shift and increase in absorbance of the plasmon resonance band of the gold nanoparticles.  By 

combining the sugar-binding specificity and the cross-linking capabilities of lectins, the non-

specific adsorption of glycoproteins to gold surfaces, and the unique optical reporting properties 

of gold nanoparticles, a glycosylation pattern of rituximab could be generated. This assay 

provides advantages over currently used glycoanalysis methods in terms of short analysis time, 

simplicity of the conjugation method, convenience of simple spectroscopic detection, and 

feasibility of providing glycan characterization of the protein drug product by using a variety of 

binding lectins.  

 

KEYWORDS.  glycoprotein, antibody, lectin, gold nanoparticle, glycan, assay  

 

INTRODUCTION 

The majority of approved protein therapeutics are glycosylated (Walsh and Jefferis 2006).  

Glycosylation is the enzymatic linking of sugar molecules to produce oligosaccharides, also 

known as glycans, covalently attached to the protein.  This process can result in significant 

heterogeneity in the composition and structure of attached glycans (Brooks 2009; Jefferis 2005). 

This pattern of glycosylation is crucial in biopharmaceutical development and manufacturing 

because it can influence binding, clearance, immunogenicity, and mechanism of action of the 
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protein therapeutic (Rudd et al. 2001; van Kooyk and Rabinovich 2008).  Therefore, the glycan 

profile of the protein must be carefully monitored to ensure compliance to quality control 

standards and claims (Chirino and Mire-Sluis 2004; Jefferis 2005; Schneider 2008; Walsh and 

Jefferis 2006).  Currently, glycan profiles are most commonly determined by enzymatic cleavage 

of the glycans from the protein followed by chromatographic (Kamoda and Kakehi 2006; Rudd 

et al. 1994) or mass spectrometric characterization (Dell and Morris 2001; Kawasaki et al. 1999; 

Lim et al. 2008; Zamfir and Peter-Katalinic 2004).  Although these methods provide rigorous 

characterization of glycan structure, they can be time consuming, require expert interpretation, 

and are not suitable for monitoring glycan profile changes during a production run in a 

manufacturing facility.  In contrast, lectin based assays hold promise as a simple, inexpensive, 

and rapid alternative for glycosylation screening of protein drugs and for clinical diagnostic 

applications (Blow 2009; Chen et al. 2007; Hirabayashi 2008; Hwang et al. 2008; Kuno et al. 

2005).  The need for rapid glycosylation screening methods and advances in this area of research 

have been recently reviewed (Cunningham et al. 2010). 

In this paper, we present a simple glycosylation assay based on the detection of nanoparticle 

aggregates due to lectin binding to sugar groups present on a glycoprotein directly adsorbed to 

gold nanoparticles.   Gold nanoparticles have been extensively studied for assay applications due 

to the sensitivity of their surface plasmon absorption band to the size, aspect ratio, and 

composition of the particles and the refractive index of their immediate environment (Liz-

Marzán 2006).  Assays have been developed based on color changes caused by the adsorption of 

an analyte to the bare gold nanoparticle surface (Morris et al. 2002; Mulvaney 1996; Sardar et al. 

2009)  or by modifying the nanoparticles with analyte specific affinity ligands (Elghanian et al. 

1997; Schofield et al. 2006).  Multivalent interactions with the analyte can induce cross-linking 
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of the nanoparticles which in turn causes aggregation and a color change due to coupling of the 

surface plasmons (Kaur et al. 2007; Medley et al. 2008; Schofield et al. 2006).  This approach 

has been most often used to develop colorimetric assays for detecting metal ions (Liu and Lu 

2004; Obare et al. 2002; Si et al. 2007), DNA hybridization events (Cho et al. 2008; Elghanian et 

al. 1997; Storhoff et al. 1998), protein-protein binding (Nam et al. 2003; Tessier et al. 2008; 

Thanh and Rosenzweig 2002),  and protein-carbohydrate interactions (Dai et al. 2006; Fromell et 

al. 2005; Gao et al. 2008; Kim et al. 2009; Liang et al. 2009; Wang et al. 2010; Watanabe et al. 

2010). 

 Recently, Huo et al. reported highly sensitive detection and accurate analysis of cancer 

biomarkers in a one-step homogeneous immunoassay using gold nanoparticle probes and 

detection by dynamic light scattering (DLS) analysis (Liu et al. 2008).   Gold nanoparticles have 

a large scattering cross section in the surface plasmon resonance wavelength region allowing the 

size distribution of the gold nanoparticle probes to be monitored by DLS.  This approach has also 

been applied to biomolecular binding studies (Jans et al. 2009) and the detection of small 

molecules (Dasary et al.; Yang et al. 2011).  In related studies, carbohydrate-functionalized 

surfactant vesicle nanoparticles have been shown to be a model platform for the study of lectin 

carbohydrate interactions (Thomas et al. 2009).  Thomas et al. monitored the aggregation 

behaviour of glucose-functionalized surfactant vesicles with the addition of Con A and reported 

binding kinetics and a binding site separation distance for Con A commensurate with literature 

values using this platform. 

Assays based on lectin-induced cross-linking of modified gold nanoparticles (Au NPs) have 

been reported for the detection of lectins by Au NPs conjugated with monosaccharide-terminated 

small molecules (Schofield et al. 2007; Schofield et al. 2006; Toyoshima and Miura 2009) and 
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the interrogation of protein-carbohydrate interactions (Dai et al. 2006; Fromell et al. 2005; Kim 

et al. 2009; Liang et al. 2009; Wang et al. 2010; Watanabe et al. 2010). To our knowledge, the 

work described here is the first demonstration of a direct lectin-based nanoparticle assay for 

screening of oligosaccharides of glycoproteins, where changes in the nanoparticles size 

distribution and optical properties of the glycoprotein-modified Au NPs are analyzed.  

 

Scheme 1. Schematic representation of the rapid glycan assay. 

The strategy for detecting intact glycan sugars on glycoproteins directly bound to gold 

nanoparticles using lectins via nanoparticle aggregation is depicted in Scheme 1.  A key feature 

of the approach is to first adsorb the glycoprotein to the nanoparticle surface.  We hypothesize 

that adsorption of glycoproteins to bare gold nanoparticle surfaces promotes protein unfolding 

and presentation of the relatively hydrophilic oligosaccharides to the surrounding aqueous 

solution, a condition likely to be favorable for glycan-lectin interactions (Hwang et al. 2008).  

Subsequent introduction of a multivalent lectin with affinity for the glycan of the glycoprotein 

will result in binding to the glycoprotein-modified nanoparticle followed by cross-linking of the 

nanoparticle, thereby causing changes in the scattering efficiency and optical properties of the 
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sol.  In contrast, introduction of a lectin with little or no affinity for the glycoprotein 

oligosaccharides is expected to produce no significant change in the colloidal suspension.   

We demonstrate proof-of-concept of the assay using a model high mannose glycoprotein 

RNase B and apply it to the therapeutic monoclonal antibody (mAb) rituximab, which is used to 

treat autoimmune disorders and blood cancers.  The interaction of lectins with glycoprotein-

modified gold nanoparticles was monitored using DLS and UV-visible absorbance 

measurements.  X-ray photoelectron spectroscopy (XPS), analytical ultracentrifugation (AUC), 

and matrix-assisted laser desorption/ionization time of flight mass spectral analysis (MALDI 

TOF MS) were also used to characterize the glycoprotein-modified nanoparticles. 

  

MATERIALS AND METHODS1 

Materials 

Con A, wheat germ agglutinin (WGA), peanut agglutinin (PNA), and Jacalin lectins were 

purchased from Vector Laboratories (Burlingame, CA, USA) and used without further 

purification. Ribonuclease A (RNase A, from bovine pancreas, reagent grade), ribonuclease B 

(RNase B, from bovine pancreas, >80 %), bovine serum albumin, sodium chloride (99.9 %), 

manganese chloride tetrahydrate (99.99 %), calcium chloride dihydrate (98 %), 4-(2-

hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, 99.5 %), and indium foil (99.99 %) 

were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received.  Inhibitory 

                                                 
1 Certain commercial equipment, instruments, or materials are identified in this document.  Such identification is not 

intended to imply recommendation or endorsement by the National Institute of Standards and Technology, nor is it 

intended to imply that the products identified are necessarily the best available for the purpose. 
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sugars, D-mannose (99.9%, Calbiochem), D-(+)-glucose (99.5%, Sigma), and N-

acetylglucosamine (99%, Sigma) were used as received.  Sodium borate decahydrate, ACS 

grade, was obtained from Fisher Scientific (Pittsburgh, PA, USA). Sodium chloride (99.9%) and 

potassium carbonate anhydrous, ACS grade, were purchased from Mallinckrodt Baker. Citrate-

stabilized gold nanoparticles (average diameter 10 nm, 5.7 x 1012 particles/mL, and 30 nm, 2.0 x 

1011 particles/mL) were purchased from Ted Pella (Redding, CA, USA).  

The mAb rituximab was purchased from RxUSA using a prescription. Its formulation consists 

of 10 mg/mL of the antibody, 9 mg/mL of sodium chloride, 7.35 mg/mL of sodium citrate 

dihydrate, and 0.7 mg/mL polysorbate 80 at pH = 6.5. The formulated rituximab was purified by 

protein A affinity chromatography. The purified rituximab, with a concentration of ~9 mg/mL, 

was stored at −18 ºC in 25 mmol/L phosphate buffer, pH 7.4, with 0.01% NaN3. Type I water 

(UV treated; 18 MΩ·cm; 0.2 micrometer final filter) was used for all solution preparations.  A 

microcentrifuge with a fixed angle rotor (Eppendorf model 5415 D) was used for preparative 

centrifugation.  

Dynamic light scattering analyses 

DLS measurements were made with a Malvern Zetasizer Nano ZS DLS system at 25˚C. 

Approximately 200 µL of sample were added to low-volume disposable cuvettes and allowed to 

equilibrate for thirty seconds before analysis. Ten runs of ten seconds each were used to analyze 

each sample. All particle sizes (hydrodynamic diameters, DH) reported here were based on 

intensity distributions and were obtained using the non-negative least squares analysis method. 

The hydrodynamic diameter values reported represent the average and the standard deviation of 

at least three measurements.  A detection angle of 173° was used for the analyses. 

UV-visible absorption analyses 
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UV-visible absorption spectra were made with a Perkin-Elmer spectrophotometer 

(Lambda Bio 20) using a 1 cm path length quartz cuvette.  The absorption spectrum was 

measured from 950 nm to 450 nm at a scan rate of 240 nm/min and a step size of 1 nm against a 

water or buffer background sample. 

  

RNase B-gold nanoparticle conjugation 

To prepare RNase B-modified gold nanoparticles, RNase B was first dissolved in water at a 

concentration of 1 mg/mL, a stock concentration that was determined to result in saturation of 

protein coverage by AUC analysis as discussed in the Supplementary Information.  The pH of 

the as-received 10 nm gold nanoparticle solution was raised to ≈ 10 with 0.1 mol/L NaOH, as 

measured by EMD colorpHast pH test strips (EMD Millipore, San Diego, CA, USA).  Protein 

solution was added to the gold nanoparticle solution at a volume ratio of 1:10; the final protein 

concentration is therefore 100 µg/mL when mixed with the nanoparticles. The solution was 

mixed and allowed to incubate at room temperature for at least 30 min. Then it was centrifuged 

at 13 200 r/min for 40 min, and the supernatant containing excess RNase B was decanted and 

replaced with water.  

Rituximab-gold nanoparticles conjugation 

Rituximab-Au NP conjugates were prepared by adding 334 µL of pH adjusted ( ≈ 10 with 0.1 

mol/L NaOH) 30 nm Au NPs (~200 pmole/L) to 6 µL of 9 mg/mL purified rituximab and 160 

µL of Type I water. The dispersion was allowed to interact for 1 minute at room temperature 

using an automatic shaker. The dispersion was then centrifuged for 10 minutes at 10 000 r/min. 

After centrifugation, the supernatant was decanted, and the rituximab-Au NP conjugates were 
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redispersed in water to a final sample volume of 500 µL. A fresh batch of rituximab-Au NP 

conjugates was prepared before each experiment.  

Flocculation tests 

 We performed flocculation tests for the rituximab-Au NP conjugates in order to 

determine the minimum amount of rituximab needed to stabilize the conjugates against salt-

induced flocculation.  One hundred microliters of 30 nm Au NPs (≈200 pmol/L) were added to 

different volumes of rituximab and diluted to a final volume of 130 µL with nanopure water. The 

AuNPs and rituximab were allowed to interact for 1 minute at room temperature under 

continuous mixing using an automatic shaker.  Afterwards, 20 µL of 10% NaCl by mass was 

added to each sample. After 5 minutes of interaction with NaCl, we analyzed the samples by 

UV-visible spectroscopy and DLS. We used the results of these tests to select the concentration 

of rituximab to be used for subsequent experiments.  

Lectin-induced aggregation of the RNase B-Au NP conjugates 

Stock lectin solutions were made by dissolving 1 mg of lectin in 1 mL of HEPES buffered 

saline, HBS (pH 7.4, 0.15 mol/L NaCl, 0.01 mol/L HEPES, 1 mmol/L Ca2+, 1 mmol/L Mn2+). 

Con A requires trace amounts of Ca2+ and Mn2+ as co-factors for activity.  A final lectin 

concentration of 50 µg/mL was obtained by dilution of the stock lectin solution in a ratio of 1:20 

(v/v) with the RNase B gold nanoparticle solution.  DLS and UV-visible spectroscopy were used 

to analyze the samples.  

Lectin-induced aggregation of the rituximab-Au NP conjugates 

 WGA, PNA and Jacalin lectin solutions were prepared at a concentration of 60 µg/mL in 

0.0025 mol/L sodium tetraborate buffer with 0.0015 mol/L NaCl (pH = 7.5). Aqueous Con A 

solutions were prepared at a concentration of 60 µg/mL in the presence of 1 mmol/L Ca2+ and 
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Mn2+. For the lectin-based colorimetric assay, equal volumes of rituximab-Au NP conjugates and 

lectin were mixed and allowed to interact for up to two hours at room temperature with the aid of 

an automatic shaker. The final lectin concentration was 30 µg/mL. The samples were analyzed 

by UV-visible spectroscopy and DLS.  

 

RESULTS AND DISCUSSION 

Characterization of RNase B-modified gold nanoparticles 

The model glycoprotein RNase B was first examined to demonstrate the lectin-based gold 

nanoparticle glycan assay.  RNase B possesses N-linked saccharide structure of -(GlcNac)2Manx 

where GlcNAc is N-acetylglucosamine, Man is α-mannose and x is 5 to 9 (Fu et al. 1994; Tarelli 

et al. 2000).   Although nine compositionally- or structurally-distinct glycoforms are present in 

commercially-available RNase B, all glycoforms possess α-mannose moieties on the non-

reducing end.  The oligosaccharide portion of RNase B constitutes approximately 10 % of the ≈ 

14.7 kDa protein.  Therefore, we expect RNase B-modified gold nanoparticles to present α-

mannose moieties at a relatively high surface density. 

The size distribution of the RNase B-modified gold nanoparticles was determined using DLS.  

The hydrodynamic diameter of the gold nanoparticles as measured by DLS increased from (17.9 

± 0.5) nm before RNase B adsorption to (21.3 nm ± 0.7) nm after conjugation with RNase B 

(Figure S-1).  This increase in hydrodynamic radius of ≈ 1.7 nm agrees well with a reported 

average diameter of 1.7 nm for RNase A measured by DLS (Zhang et al. 2011).  UV-visible 

absorbance analysis was also used to evaluate the conjugation of RNase B to the gold 

nanoparticles.  Unmodified 10 nm gold colloids exhibit a characteristic λmax absorbance peak at 

520 nm due to the surface plasmon resonance of the colloidal gold, whereas the λmax value of 
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RNase B-modified gold colloids shifted to 525 nm (data not shown).  The 5-nm red shift is likely 

due to changes in the refractive index at the gold nanoparticle surface and is consistent with 

those reported for the adsorption of proteins to colloidal gold (Brewer et al. 2005; Lacerda et al. 

2009; Liu et al. 2009; Thobhani et al.).   

In addition to the size and optical changes associated with RNase B adsorption, results from 

XPS and =AUC provided similar evidence for the adsorption of RNase B to the gold 

nanoparticles.  A minimum concentration of 0.1 mg/mL RNase B was required to form a stable 

suspension of the modified Au NPs, as determined from AUC data.  Details of the 

instrumentation and results obtained by these methods are presented and discussed in greater 

detail in the Supplementary Information (Sections III and IV). 

Glycoanalysis of RNase B by Gold Nanoparticles 

The interaction of the lectin Con A with the RNase B-modified gold nanoparticles was 

examined because it binds specifically to the sugars glucose and mannose.  The interaction of 

Con A with the mannose moieties of RNase B has been well-studied (Kuno et al. 2005; Sparbier 

et al. 2005).  For the solution conditions used in these experiments (pH 7.4), Con A exists as a 

tetramer with four independent sugar binding sites (Zand et al. 1971).  

To demonstrate that the specific binding of the lectin causes the observed change in surface 

plasmon resonance, two non-mannose specific lectins, peanut agglutinin (PNA) and wheat germ 

agglutinin (WGA), were also introduced to the RNase B-modified gold nanoparticles in separate 

control experiments.  PNA and WGA are multivalent lectins specific for ß-D-galactose(1-3)-D-

N-acetylgalactosamine (Loris et al. 1998) and N-acetylglucosamine (Rini 1995) respectively. 

Because PNA and WGA have low affinity for the glycans of RNase B, these lectins were not 

expected to induce aggregation of the RNase B-modified gold nanoparticles.  A buffer control 
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was also used to ensure that aggregation was not induced by changes in concentration; pH and 

ionic strength were maintained in all test solutions. 

 

Figure 1. A plot of the intensity distribution of the hydrodynamic diameters, DH, measured by 
dynamic light scattering, for RNase B-modified gold nanoparticles before (+ buffer) and after the 
addition of PNA (negative control) and Con A (binding) lectins. 

 

The addition of a Con A solution to RNase B-modified gold nanoparticles resulted in changes 

to the nanoparticle size distribution as measured by DLS (Figure 1).  The hydrodynamic 

diameter of the RNase B-modified gold nanoparticles increased on average from 21.3 nm ± 0.7 

nm to a bimodal distribution with peaks observed at 90 nm ± 10 nm and 660 nm ± 50 nm 

approximately one minute after addition of Con A.  These data are consistent with the proposed 

steps illustrated in Scheme I.  The shift to a bimodal distribution of sizes has been reported in 

similar binding assays (Liu et al. 2008) and we attribute this behavior to a mixture of multimers 

of aggregated nanoparticles and larger aggregate species.  No significant increase in the average 

hydrodynamic diameter was observed for the RNase B-modified gold nanoparticles upon 

addition of the non-binding PNA lectin (hydrodynamic diameter of 20 nm ± 1 nm, Figure 1). 
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Evidence for aggregation upon introduction of Con A to RNase B-modified gold nanoparticle 

samples was also seen in the UV-visible spectrum acquired approximately 1 minute after mixing 

(Figure 2). Specifically, the absorbance at all wavelengths increased and the plasmon shifted to 

the red by 4 nm, to 529 nm. These spectral changes were also discernable by eye as a decrease in 

transparency and a color change to red-purple.  In contrast, addition of either of the non-mannose 

specific lectins, PNA or WGA, caused no change to the absorption spectrum. 

 

Figure 2. UV-visible spectra of RNase B-modified gold nanoparticles acquired approximately 
1 min after the addition of Con A (binding lectin), WGA (negative control lectin), PNA 

(negative control lectin) or buffer. The final concentration of lectins in all cases was 50 µg/mL. 
 

The red-shift of the plasmon band of the RNase-B modified gold nanoparticles after addition 

of Con A is due to increased interparticle plasmon coupling due to aggregation.  As illustrated in 

Scheme 1, these aggregates likely consist of two or more gold nanoparticles, separated by a 

protein tri-layer (RNase B/Con A/RNase B).  The distance between the RNase B/Con A/RNase 

B gold nanoparticle agglomerates can be estimated by the magnitude of the red-shift and the 

“plasmon ruler equation” (Jain et al. 2007) to be ≈ 7 nm.  This distance corresponds well with a 
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reasonable estimate of the protein tri-layer thickness obtained by summing the thickness of the 

adsorbed RNase B protein layer (≈ 1.5 nm from DLS) and the reported size of a Con A tetramer 

(≈ 3 nm to ≈ 7.5 nm depending on orientation) (Shoham et al. 1979; Waner et al. 1998).   

MALDI-TOF MS was used also used to confirm the presence of Con A in an aggregated 

sample of RNase B-modified gold nanoparticles exposed to Con A.  After thorough rinsing to 

remove excess RNase B and Con A from the sample, peaks characteristic of Con A and RNase B 

were observed, providing further evidence that Con A is bound to the RNase-B modified gold 

nanoparticles.  These results are provided in the Supplemental Information (Figures S-5 and S-

6). 

Visual evidence of Con A binding to the RNase B-modified Au NPs is observed with longer 

assay times. Larger aggregates, which sediment to the bottom of the vial and cause a decrease in 

the absorbance of the solution (Figure S-7), can be discerned by eye after 90 minutes of 

interaction.  We found that faster results discernable by eye, not requiring instrumentation (e.g. a 

DLS or spectrophotomer), could be obtained by using mild centrifugation.   Mild centrifugation 

(3000 r/min for 5 min) caused the aggregated particles to sediment to the bottom of a centrifuge 

tube, leaving a clear, colorless supernatant, observable by eye (Figure S-8, inset).  In contrast, 

control mixtures using WGA and PNA, centrifuged identically were indistinguishable by eye to 

non-centrifuged suspensions of RNase B coated gold nanoparticles. 

Determination of Assay Specificity 

Two additional control experiments were performed to confirm that the optical changes 

observed for the RNase B-modified gold nanoparticles exposed to Con A are caused by specific 

lectin-oligosaccharide cross-linking of the particles.  The first used inhibitory sugars to compete 

with lectin-glycan binding and the second used a non-glycosylated form of RNase B, RNase A.   
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Mannose and glucose are commonly used to elute glycoproteins purified from Con A agarose 

bead chromatographic columns. We expected that with the addition of an excess of these 

inhibitory sugars, the Con A sugar binding sites would be occupied and no change in the RNase 

B-modified gold nanoparticle suspension would be observed.  The inhibitory sugar mixture of 

equal parts mannose and glucose was added to the Con A solution at a concentration of 500 

mmol/L and incubated overnight.  The Con A solution was then added to the RNase B modified-

gold nanoparticles and the absorbance spectrum was measured after 1 min (Fig. 3a).  This 

absorption spectrum was indistinguishable from the buffer-diluted RNase B-modified gold 

nanoparticles suggesting that the sugars effectively competed for binding with Con A versus the 

mannose-presenting groups of the RNase B-modified gold nanoparticle suspension.  These data 

indicate that Con A binds specifically to the mannose-presenting groups and is responsible for 

aggregation of the RNase B-modified gold nanoparticles. 

The amino acid sequence of RNase A is identical to RNase B; however, RNase A is non-

glycosylated (Kuno et al. 2005). We prepared RNase A-modified gold nanoparticles following 

the same procedure for preparing RNase B-modified gold nanoparticles and repeated the UV-

visible experiments.  No discernable change in the UV-visible spectra was observed following 

addition of Con A or the other control species (PNA and WGA) to the RNase A-modified gold 

nanoparticles (Figure 3b) even after 150 minutes (Figure S-7d).  Based on these experiments and 

the results described above, we conclude that the change in the measured nanoparticle plasmon 

absorbance and aggregation is mediated by specific lectin-oligosaccharide interactions between 

Con A and the mannose presenting groups of RNase B. 
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Figure 3. (a) UV-visible spectra of RNase B-modified gold nanoparticles approximately 1 min 
after the addition of Con A with (bottom trace) and without (top trace) the addition of an excess 
inhibitory sugar mixture of mannose and glucose which block binding of Con A. (b) Invariant 
UV-visible spectra of gold nanoparticles modified with RNase A (deglycosylated form of RNase 
B) approximately 1 min after the addition of Con A, WGA, PNA, or buffer. 

 

Determination of Assay Sensitivity 

To probe the sensitivity of the assay, the relative amount of RNase B adsorbed to each gold 

nanoparticle was controlled by varying the relative mole fraction of RNase B to RNase A during 
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the adsorption to the gold nanoparticles.  During the glycoprotein adsorption step, the total 

glycoprotein solution concentration was maintained at 100 µg/mL and the molar composition of 

RNase B to RNase A was varied from 0 to 100%.  Absorbance spectra for RNase B-modified 

gold nanoparticles at different mole ratios acquired approximately 1 minute after introduction of 

Con A are shown in Figure 4a. The λmax absorbance values increase with higher mol percent 

RNase B.  A plot of the change in absorbance at λmax vs. mole % RNase B illustrates this trend 

(Figure 4b).  A change in absorbance could be measured at solution concentrations of RNase B 

as low as 1 µg/mL (Figure 4a, 0% and 1% lines) after addition of Con A.  This value is 

comparable to previously published limits of detection for similar systems (Thanh and 

Rosenzweig 2002).  A linear response was observed for solution concentrations of RNase B 

below 5 µg/mL and no further change in absorbance was observed at concentrations above 20 

µg/mL. 
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Figure 4. (a) UV-visible spectra of RNase B-modified gold nanoparticles approximately 1 min 
after the addition of Con A at various mole percent of RNase B.  The relative amount of RNase 

B adsorbed to each gold nanoparticle was controlled by varying the relative mole fraction of 
RNase B to RNase A during the adsorption to the gold nanoparticles.  The final concentration of 
Con A is 50 µg/mL.  (b)  Change in maximum absorbance measured at ≈ 529 nm for Con A as a 
function of RNase B solution mole percent.  Error bars represent one standard deviation above 

and below the mean of at least 3 replicates. 
 

Characterization of rituximab-modified gold nanoparticles 

The assay was applied to a therapeutic monoclonal antibody, rituximab. Rituximab is an 

antibody of the IgG class and its glycans are covalently attached at asparagine 297 of each heavy 
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chain in the Fc region. The diantennary glycans of rituximab consist of a “core” heptasaccharide 

with additional N-acetylglucosamine (GlcNAc) and/or galactose moieties attached to the outer 

arms (Figure S-9).  The oligosaccharides of rituximab constitute ≈ 2% of the mass of the ≈ 145 

kDa protein.  Therefore, the surface density of glycans for rituximab-modified gold nanoparticles 

is expected to be lower than that of the RNase B-modified gold nanoparticles. 

Rituximab-Au NP conjugates were prepared by mixing rituximab and 30 nm Au NPs for one 

minute, followed by centrifugation, decanting of solution, and re-dispersion in water to remove 

excess rituximab.   A minimum concentration of 0.1 mg/mL rituximab was required to stabilize 

the Au NPs, which was determined from salt-induced flocculation tests (Figure S-10). The 

adsorption of rituximab to Au NPs was confirmed by DLS, where the measured diameter 

increased from (26 + 3) nm for the bare Au NPs to (58 + 4) nm after conjugation with rituximab 

(Figure S-11).  Uncertainties represent one standard deviation of at least three replicates. 

Rituximab-Au NP conjugate solutions prepared in this way exhibited a red-pink color (Figure S-

12).  Further evidence of rituximab adsorption was provided by the presence of protein amide I 

and amide II bands in the Fourier-transform infrared spectrum of rituximab modified Au NPs 

(Figure S-11).  

 

Glycoanalysis of rituximab by Gold Nanoparticles 

Lectin-induced aggregation of the rituximab-Au NP conjugates was monitored one 

minute after introduction of the lectins by DLS and UV-visible spectroscopy. WGA was 

examined as a potential binding lectin due to its affinity for GlcNAc residues. Both DLS and 

UV-visible measurements indicated binding and aggregation of the rituximab-modified Au NPs 

upon addition of WGA. Approximately one minute after addition of WGA, an increase in 



20 

 

hydrodynamic diameter of ≈ 13 nm was measured by DLS (Figure 5a), suggesting that binding 

of WGA to GlcNAc residues of the mAb results in aggregation of the mAb-Au NP conjugates.  

The addition of another lectin expected to bind to the glycans of rituximab, Con A, a mannose-

binding lectin, also caused an increase in diameter (data not shown). Changes in the UV-visible 

spectra of the mAb Au NP conjugates after addition of WGA (Figure 5b) also suggested 

aggregation of the conjugates due to lectin-glycan binding. A reproducible increase in 

absorbance and red-shift of ≈ 4 nm was observed in the plasmon resonance band of the 

rituximab-Au NP conjugates one minute after addition of WGA, thus corroborating DLS results.   

We postulate that these optical shifts result from changes in the local refractive index around the 

Au NPs upon lectin binding to the oligosaccharides of the rituximab-Au NP conjugates or to 

scattering effects induced by the formation of aggregates. Furthermore, after 24 hours in the 

presence of WGA or Con A, solutions of the rituximab-Au NP conjugates turned from red pink 

to clear due to sedimentation of aggregates (Figure S-12).  
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Figure 5. (a) DLS diameter results and (b) UV-visible spectra of rituximab-Au NP conjugates 
before (+ buffer) and approximately one minute after the addition of PNA (negative control), 

Jacalin (negative control), or WGA (binding lectin). 

 

The effect of adding two negative control lectins was examined to verify that specific lectin-

glycan interactions caused the observed aggregation.  Jacalin (50 kDa) and PNA are multivalent 

lectins with high specificity for ß-D-Gal(1-3)-D-GalNAc residues and, thus should have low 

affinity for the glycans of rituximab.  As expected, no significant increase in diameter was 
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observed using DLS after the addition of the non-binding control lectins, PNA or Jacalin, (Figure 

5a). Similarly, no significant changes in the UV-visible spectra of the NPs were observed when 

PNA or Jacalin (Figure 5b) were added.   Even after 24 hours in the presence of PNA or Jacalin, 

the rituximab-Au NP conjugates appeared stable as evidenced by their characteristic red-pink 

color (Figure S-12). 

 

CONCLUSIONS 

We have demonstrated a rapid glycoanalysis method by lectin binding to RNase B- and 

rituximab-modified gold nanoparticles detected using either simple instrumentation (e.g. DLS or 

spectrophotometry) or by visual inspection.  It is difficult to make a direct comparison of this 

method to LC and MS methods due to the wide range of instrumental protocols and sample 

preparation strategies that are used for glycan analysis.  As is true for most gold nanoparticle 

aggregation-based assays, a significant advantage of the method presented here over more 

conventional glycoanalysis methods is its simplicity.  It does not require release of the glycans 

from the glycoprotein, as is required for many LC and MS methods.  In addition, the 

glycoprotein is conjugated to the Au NPs using simple non-specific adsorption, requires as little 

as 0.05 mg of glycoprotein (for rituximab) and no instrumentation, beyond a centrifuge, is 

required. 

Finally, the total analysis time was approximately 20 min which includes conjugation of 

rituximab to the Au NPs (1 min); purification of the rituximab-Au NP conjugate by 

centrifugation (10 min); incubation with binding lectin (1 min); and detection by DLS or UV-

visible (variable times dependent on acquisition conditions). 
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While this method could perhaps be used to interrogate unknown glycoproteins, it would likely 

find more utility as a qualitative, glycan differentiation method, using multiple binding lectins 

for assessing changes in the glycoprofile of well-characterized glycoproteins such as therapeutic 

proteins.  For example, a different lectin solution could be contained in wells of a microtiter plate 

and small aliquots of the glycoprotein-Au NP conjugate could be added to each well.  Because 

each lectin exhibits different selectivity depending on the oligosaccharide composition, different 

color or spectral changes may be detected in each well, providing a lectin binding fingerprint of 

the glycan. 

The versatility of this method of glycoanalysis is potentially great due to the breadth of the 

assay design space which includes the class of glycoprotein analyzed, affinity molecule chosen, 

nanomaterial used, and solution conditions (e.g. pH, ionic strength) used for the assay.  For 

example, the specificity of the assay may be improved or broadened by using different classes of 

affinity molecules, such as aptamers or antibodies with specific binding affinities towards 

carbohydrate sequences. 

This type of assay is complementary to the detailed glycan characterization information 

obtained by more rigorous methods, such as chromatographic, mass spectrometric, and hybrid 

methods.  This approach may prove useful for process development or process monitoring 

applications as a rapid, high-throughput method for detecting changes in glycan profiles of 

therapeutic glycoproteins. 
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I. Methodology: Instrumentation 

X-ray photoelectron spectroscopy (XPS) analyses 

X-ray photoelectron spectroscopy (XPS) was performed on a Kratos Axis UltraDLD 

instrument with monochromatic Al Kα radiation (1486.7 eV).  Survey scans were obtained for 

unmodified and RNase B-modified gold nanoparticles in the fixed analyzer transmission mode 

with pass energy of 160 eV. The binding energies were calibrated with respect to the gold 4f 7/2 

peak at 84.0 eV.  We prepared the XPS samples by first washing away salts and excess protein 

from the gold colloids by repeatedly centrifuging the samples at 13200 r/min for 40 min, 

discarding the supernatant, adding water, and mixing by vortex to suspend the colloids. This 

process was repeated at least twice.  A small aliquot (10 µL to 15 µL) of the concentrated colloid 

was then drop cast and allowed to dry on a clean piece of indium foil for analysis.  We 

determined the number of wash steps necessary by monitoring the Na 1s signal at ≈1070 eV.  For 

insufficiently washed samples, sodium from NaOH added for pH control was detected by XPS.   

 

Analytical ultracentrifugation analyses 

Analytical ultracentrifugation (AUC) data were acquired with a Beckman XL-A 

analytical ultracentrifuge using a 4 place titanium rotor (model An-60 Ti).  Sample cells were 

outfitted with 12 mm path length dual sector Epon™ centerpieces. The reference cell was filled 

with 425 µL of water and the sample cell was filled with 400 µL of either unmodified or RNase 

B-modified gold nanoparticles. We washed the RNase B-modified gold particles to remove 

excess salts and protein as was done with the samples for XPS analysis. Run conditions of the 

AUC for all samples were set as follows: temperature of 20 °C; absorbance wavelength of 520 
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nm (to correspond with the maximum in the absorbance spectrum of the gold particles); scan 

step size of 0.007 cm; rotation speed of 10 000 r/min; and absorbance scan rate of once every 2 

min. The raw centrifugation data was converted into sedimentation coefficient distributions using 

a continuous c(s) distribution model in Sedfit (Schuck 2000). 

 

MALDI-TOF Mass Spectral analyses 

Matrix-assisted laser desorption-ionization time-of-flight mass spectrometry (MALDI-

TOF MS) data were collected with an Applied Biosystems instrument in the positive ion and 

linear modes using a 337 nm nitrogen laser for irradiating samples.  Ions generated from 6000 

laser pulses were collected and averaged for each spectrum.  The matrix solution for all MALDI 

experiments was prepared by dissolving sinapinic acid (Fisher) at a concentration of 20 mg/mL 

in a solution of trifluoroacetic acid / acetonitrile / water (0.1:50:50 v/v/v).  The sample was 

mixed with an equal volume of matrix solution.  A 0.5 µL aliquot of the resulting solution was 

spotted onto a MALDI target plate and allowed to air dry prior to analysis. 

 

Fourier transform infrared spectroscopy (FT-IR) 

Fourier transform infrared spectroscopy (FT-IR) spectra were recorded on a Bio-Rad FTS 

7000 series spectrometer. At least 512 scans were collected with a resolution of 2 cm−1 for each 

sample. Samples were prepared by depositing 50 µL of the desired sample on a Teflon IR card 

(Sigma-Aldrich) and left to dry in a laminar flow hood prior to FT-IR measurements.  
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II. Dynamic Light Scattering 

DLS results further confirmed the adsorption of RNase B to gold nanoparticles.  The measured 

hydrodynamic diameter of the gold nanoparticles increased from 17.9 nm ± 0.5 nm for the bare 

gold nanoparticles to 21.3 nm ± 0.7 nm after conjugation with RNase B (Figure S-4).   

 

 

 

 

 

 

 

 

 

 

 

Figure S-1 Dynamic light scattering results showing an increase in hydrodynamic size for the 

bare gold nanoparticles after conjugation with RNase B. 
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III.  XPS Characterization of modified gold nanoparticles 

 

X-ray photoelectron spectroscopy (XPS) was used as a qualitative indicator that adsorption of 

the glycoprotein to the nanoparticles had occurred. Figure S-2 is a survey spectrum of an aliquot 

of washed RNase B-modified gold nanoparticles on a piece of indium foil.  Present in the 

spectrum are XPS peaks due to indium (In 3d at ≈445 eV), carbon (C 1s at ≈285 eV), oxygen (O 

1s at ≈533 eV), nitrogen (N 1s at ≈401 eV), and gold (Au 4f at ≈84 eV).  We expected the 

presence of carbon, oxygen, nitrogen, and gold from the RNase B-modified gold nanoparticles.  

Although the composition of RNase B includes carbon and oxygen and these elements could 

serve as indicators of protein adsorption to the nanoparticle surface, their presence could also be 

attributed to citrate ions (of the citrate-stabilized colloids) (Brewer et al. 2005; Tsai et al. 2008)  

and adventitious hydrocarbon contamination.  However, in the current study, the nitrogen XPS 

Figure S-2. XPS survey scan of an aliquot of washed gold nanoparticles (bottom 

spectrum) and RNase B-modified gold nanoparticles (top spectrum) dried on indium foil. 
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signal is unique to the protein-modified nanoparticles and demonstrates that RNase B is adsorbed 

to the surface of the gold nanoparticle. 

 

IV. AUC characterization of modified gold nanoparticles 

Analytical ultracentrifugation (AUC) of both unmodified and RNase B-modified gold 

nanoparticle samples was performed.  In AUC, the sample is centrifuged and the extent of 

sedimentation through the sample cell is monitored by periodically measuring the absorbance of 

the sample along the length of the sample cell. We performed AUC sedimentation experiments 

for both bare 10 nm gold particles and nanoparticles modified with RNase B. The sedimentation 

coefficient, as shown in equation 1, is defined as the terminal velocity of the particle over the 

strength of the instantaneous gravitational field in the centrifuge, 

gvs t=      (S-E1) 

where s is the sedimentation coefficient of the particle, vt is the particle’s terminal velocity, and 

g  is the instantaneous gravitational field in the centrifuge. The sedimentation coefficient is often 

reported in units of Svedbergs (S).  One Svedberg is equal to 10-13 seconds.  The particle mass 

and density and the viscosity of the matrix fluid can affect the terminal velocity of the particle. 

The Svedberg equation is derived from a force balance between the centripetal force, friction 

force, and buoyant force and illustrates that as particle density decreases, the sedimentation 

coefficient decreases, 

( )
RT

vDM
s fρ−

=
1

     (S-E2) 
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where s is the sedimentation coefficient of the particles, D is the diffusion coefficient of the 

suspended particle, M is the mass of the sedimenting particle, v  is the partial specific volume of 

the sedimenting particle, ρf is the density of the matrix fluid, R is the gas constant, and T is the 

sample temperature (in kelvins). From the sedimentation coefficient we qualitatively infer 

Figure S-3. Raw AUC UV/Vis absorbance data obtained from scans of (a) bare 10 nm 

gold particles and (b) RNase B coated 10 nm gold particles both at pH 10. Both samples 

were sedimented at 10   000 r/min and scans were taken every 2 min. 
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particle characteristics before and after modification with the glycoprotein. Figure S-3 shows the 

AUC absorbance scans at a wavelength of 520 nm of bare 10 nm and RNase B-modified 10 nm 

gold nanoparticles. Each consecutive trace (left-to-right) is a measure of the sedimentation front 

of the particles at two minute intervals.  The spacing between consecutive scans is an indicator of 

the sedimentation rate of the particles.  As shown in this figure, consecutive scans of RNase B-

coated gold nanoparticles have a narrower spacing than for the bare gold nanoparticles.  Because 

of this difference, we conclude that the RNase B-coated gold nanoparticles sediment more 

slowly than the bare gold nanoparticles. We determined  the sedimentation coefficient 

distributions with the program Sedfit by numerically fitting the Lamm equation to the 

absorbance scans in Figure S-3 (Schuck 2000).   Figure S-4 plots the sedimentation coefficient 

distributions of bare gold nanoparticles and for RNase B-modified nanoparticles.  As shown in 

Figure S-4, the sedimentation coefficient of the RNase B-modified gold nanoparticles (≈490 S) is 

lower than the sedimentation coefficient of the bare nanoparticles (≈650 S).  We expect that 

adsorption of RNase B will reduce the overall density of the nanoparticles, increasing the 

buoyancy of the particle.  According to equation 2, a higher v  (inversely proportional to particle 

density) will shift the sedimentation coefficient distribution to lower values.  

These results are consistent with another AUC study of protein-conjugated gold nanoparticles 

in which gold nanoparticles were conjugated with lac repressor protein (lacI) and, in good 

agreement with theoretical predictions, were reported to have a lower sedimentation coefficient 

distribution than the bare nanoparticles (Calabretta et al. 2005).   

 

 

 



38 

 

 

The sedimentation coefficient distribution of the bare gold nanoparticles is asymmetric which 

may be attributable to polydispersity in nanoparticle diameters.  In Figure S-4, we observe a shift 

to lower sedimentation coefficient values after addition of RNase B. Furthermore, to determine 

the optimal concentration for glycoprotein adsorption, the sedimentation coefficient was 

determined for stock concentrations of RNase B varying from 0.25 mg/mL to 2 mg/mL at a 

constant concentration of gold nanoparticles.  The sedimentation coefficient decreased with 

increasing stock RNase B concentration until reaching a minimum value at 1.0 mg/mL.  The 

sedimentation coefficient distribution remained constant at stock RNase B concentrations above 

1.0 mg/mL, indicating that the maximum surface coverage of RNase B was attained at that stock 

concentration.  Because the RNase B stock solution is mixed in a 1:10 v/v ratio with the gold 

nanoparticle solution, the final RNase B concentration is 0.1 mg/mL when mixed with the 

Figure S-4. Sedimentation coefficient distributions for bare 10 nm gold particles and 10 

nm gold particles modified with RNase B. 
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nanoparticles.  Finally, multiple washing of RNase B-modified particles with buffer resulted in 

little change to the AUC determined sedimentation coefficient suggesting largely irreversible 

adsorption of RNase B to the gold nanoparticle surface. 

 

V. MALDI-TOF MS analysis of Con A bound to RNase B-modified gold nanoparticles 

To further corroborate lectin binding to the RNase B-modified nanoparticles, MALDI-TOF 

MS was used to confirm the presence of Con A and RNase B in a sample of aggregated RNase 

B-modified gold nanoparticles that had been exposed to Con A overnight.  Care was taken to 

ensure that there was no excess Con A or RNase B present in the sample as described below.  

Figure S-5 shows a representative MALDI-TOF MS spectrum.   
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Figure S-5. MALDI TOF mass spectra of RNase B-modified gold nanoparticles after exposure to 

Con A and thorough rinsing to remove excess RNase B and Con A. 
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As expected, the spectrum displays peaks characteristic of Con A and RNase B.  The peak 

centered near m/z ≈25 550 is assigned to the [M+H]+ monomer of Con A, and the peaks between 

≈14 900 and 15 550 are assigned to [M+H]+ pseudo-ions of the various RNase B glycoforms. 

The MALDI-TOF mass spectrum of the washed nanoparticles provides further evidence to 

suggest that Con A is specifically bound to the RNase B-modified gold nanoparticles through 

lectin-oligosaccharide interactions.  

To qualitatively measure washing efficiency, bovine serum albumin (BSA) was used as a 

protein marker and added to the Con A / RNase B-modified gold flocculated nanoparticles at a 

concentration equal to the concentration of Con A.  We chose BSA as a marker for several 

reasons. First, as neither a glycoprotein nor a lectin, it was not expected to interfere with the 

RNase B-Con A interaction. Second, its most abundant MALDI ions (i.e., [M+H]+ and [M+2H]+ 

at approximate m/z values of 66,840 and 33,420, respectively) do not interfere with those of Con 

A or RNase B. After mixing BSA with the flocculated particles, the sample was centrifuged for 

40 min at 13,200 r/min.  The supernatant was collected and saved for analysis, while the 

precipitates were dispersed in fresh HBS buffer and centrifuged again for 40 min at 13 200 r/min.  

HBS buffer was used for the washing steps to ensure that Con A did not lose its ability to bind to 

the RNase B-modified gold nanoparticles.  We repeated this process of 

washing/centrifuging/supernatant removal three times. After the final centrifuge step, both the 

supernatant and washed flocculated nanoparticles were collected for MALDI-TOF MS analysis.  

We analyzed the supernatant to ascertain if washing was thorough enough to remove any loosely 

bound protein.  If the washing steps were incomplete, this last supernatant was expected to 

contain residual Con A and BSA. Figure S-6 shows representative MALDI-TOF MS results for 

these three samples, where the spectra are offset for clarity. 
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Figure S-6:  MALDI TOF mass spectra of RNase B-modified gold nanoparticles after 

introduction of Con A and BSA. The top trace is the spectrum of the supernatant from the first 

centrifugation. The middle trace is the spectrum of the washed particles. The bottom trace is the 

spectrum of the supernatant from the last centrifugation. The spectra have been offset and scaled 

for clarity. 

 

The top trace of Figure S-6 is the MALDI-TOF MS of the supernatant from the first wash step.  

As expected, this spectrum displays peaks characteristic of Con A, BSA, and RNase B.  The 

peak centered near m/z ≈66 840 is assigned to the [M+H]+ of BSA, that near m/z ≈25 550 is 

assigned to the [M+H]+ monomer of Con A, and the peaks between ≈14 900 and ≈15 550 are 

assigned to [M+H]+ pseudo-ions of the various RNase B glycoforms. The bottom spectrum is the 

MALDI-TOF MS of the supernatant from the final wash step.  After repeated washings, RNase 

B, Con A, and BSA in the supernatant are undetectable indicating that the washing procedure is 
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sufficient to remove proteins that are loosely bound to nanoparticles.  The middle spectrum is the 

MALDI-TOF MS of the nanoparticles as discussed above (Figure S-5). 

VI. Additional UV-Visible Spectra 

 

 

Figure S-7 (a) UV-Vis spectra of RNase B-modified gold nanoparticles 1, 60, 90, 120, and 150 

min after introduction of Con A. (b) UV-Vis spectra of RNase B-modified gold nanoparticles 1 

min, 60 min, 90 min, 120 min, and 150 min after introduction of PNA or WGA. (c) Change in 

maximum absorbance (absorbance at surface plasmon wavelength) with time for RNase B-

modified gold nanoparticles after exposure to Con A(●), WGA(▲), or PNA (□). Error bars 
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represent one standard deviation above and below the mean of at least 3 replicates. (d) UV-Vis 

spectra of RNase A-modified gold nanoparticles 1, 60, 90, 120, and 150 min after introduction of 

Con A.   
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Figure S-8  (top) UV-Vis spectra of RNase B-modified gold nanoparticles after introduction of 
Con A and the sample supernatant after centrifugation at 3,000 r/min for 5 min. (bottom) UV-Vis 
spectra of RNase B-modified gold nanoparticles before and after centrifugation at 3 000 r/min for 
5 min.  
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VII. Structures of the main glycoforms of rituximab 

 

 

 

 

Figure S-9. Main N-linked glycoforms of rituximab 
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VIII. Flocculation Tests 

 

Figure S-10. Flocculation test results: UV-visible spectra after the addition of 10% NaCl by mass 

to rituximab-Au NP conjugates prepared with rituximab concentrations ranging from 0.002 

mg/mL to 0.2 mg/mL; UV-visible spectrum of the bare Au NPs before addition of NaCl (black) 

is shown for comparison. Inset: Graph showing changes in the wavelength of maximum 

absorbance, as well as the absorbance at 532 nm as a function of rituximab concentration. 
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IX. Evidence of rituximab conjugation to Au NPs 
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Figure S-11. (A) Dynamic light scattering results showing an increase in hydrodynamic size for 

the bare Au NPs (a) after conjugation with rituximab (b). (B) Fourier-transform infrared spectra 

for rituximab-Au NP conjugates (a), rituximab (b), the supernatant of the rituximab-Au NP 

conjugates after centrifugation (c), and citrate stabilized Au NPs (d). Evidence for conjugation 

was provided by the presence of protein amide I and amide II bands in the Fourier-transform 

infrared spectrum of rituximab modified Au NPs (a). Similar bands were obtained in the spectra 

of rituximab (b), but not for the bare Au NPs (d), nor for the supernatant of the centrifuged 

rituximab-Au NP conjugates (c). 
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X. Glycoanalysis of rituximab: Visual Evidence 

 

 

Figure S-12. Photo shows that rituximab-Au NP conjugates solutions retain their typical red-pink 

color after 24 hours in buffer or in the presence of the control lectins jacalin and PNA. 

Sedimentation of the aggregates formed between the binding lectins (WGA and Con A) and the 

rituximab-Au NP conjugates can be observed after 24 hours.  
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