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Structure and activity of native and thiolated α-chymotrypsin adsorbed 
onto gold nanoparticles 
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A B S T R A C T   

A detailed understanding of protein-nanoparticle interactions is critical to realize the full potential of 
bioconjugate-enabled technologies. Parameters that lead to conformational changes in protein structure upon 
adsorption must be identified and controlled to mitigate loss of biological function. We hypothesized that the 
installation of thiol functional groups on a protein will facilitate robust adsorption to gold nanoparticles (AuNPs) 
and prevent protein unfolding to achieve thermodynamic stability. Here we investigated the adsorption behavior 
of α-chymotrypsin (ChT) and a thiolated analog of α-chymotrypsin (T-ChT) with AuNPs. ChT, which does not 
present any free thiols, was modified with 2-iminothiolane (Traut’s reagent) to synthesize T-ChT consisting of 
two free thiols. Protein adsorption to AuNPs was monitored with dynamic light scattering and UV–vis spectro
photometry, and fluorescence spectra were acquired to assess changes in protein structure induced by interaction 
with the AuNP. The biological function of ChT, T-ChT, and respective bioconjugates were compared using a 
colorimetric enzymatic assay. The thiolated analog exhibited a greater affinity for the AuNP than the unmodified 
ChT, as determined from adsorption isotherms. The ChT protein formed a soft protein corona in which the 
enzyme denatures with prolonged exposure to AuNPs and, subsequently, lost enzymatic function. Conversely, the 
T-ChT formed a robust hard corona on the AuNP and retained structure and function. These data support the 
hypothesis, provide further insight into protein-AuNP interactions, and identify a simple chemical approach to 
synthesize robust and functional conjugates.   

1. Introduction 

Emerging bionanotechnologies that exploit the synergistic properties 
of protein-nanoparticle bioconjugates hold great promise for the 
advancement of many fields, including biosensing [1], imaging [2,3], 
photothermal therapy [4], drug delivery [5], and biocatalysis [6,7]. A 
detailed understanding of the protein-nanoparticle interface is critical to 
mitigate structural changes that negatively impact the function of the 
adsorbed protein and leverage stabilizing interactions that enhance 
protein function. 

A significant loss of function has been reported for several proteins 
after adsorption onto nanoparticles, including lysozyme, chymotrypsin, 
fibrinogen, and RNase A [8–11]. Conversely, the functional properties of 
other proteins have been preserved or even enhanced upon adsorption 
to nanoparticle supports [12–16]. Previous efforts have investigated the 

effect of nanoparticle size [17,18], curvature [19,20], ligand charge 
[21–23], and protein deformability [24] on protein function; however, a 
universal predictor of behavior has yet to be elucidated. For example, 
the structure and function of lysozyme was retained when adsorbed on 
small nanoparticles, but decreased as the size of the nanoparticle sup
port increased [8], whereas the activity of RNase A decreased as nano
particle size decreased [11]. The function of the adsorbed protein is 
system dependent, and currently there is no predictive model that cor
relates the characteristics of a protein or nanoparticle with gain or loss of 
function. 

A protein may undergo conformational changes upon adsorption to a 
nanoparticle [25–28]. These adsorption-induced structural changes can 
expose previously buried domains and lead to further denaturation as 
the protein unfolds to optimize protein-nanoparticle interactions for 
thermodynamic stability. Specifically for gold nanoparticles, recent 
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work probing the adsorption of immunoglobulin G, bovine serum al
bumin, pyrophosphatase, and GB3 suggests that the thermodynamically 
preferred interaction involves the formation of a Au-S bond between 
cysteine and the gold nanoparticle [29–35], although adsorption 
through amines may also contribute [36–38]. Consistent with these 
works, Fitzkee et al. proposed a three-step process to describe the 
adsorption of protein to a nanoparticle [33]. According to this model, 
proteins reversibly associate with the nanoparticle surface, rear
range/reorient on the surface, and harden to form an irreversible protein 
layer. Thus, if cysteine residues are present on the surface of the protein, 
denaturation may not be necessary in the second step of the adsorption 
process for hardening to occur in the third step. Indeed, work on the 
immobilization of enzymes have found that immobilization may result 
in a rigidification of the enzyme structure to preserve catalytic activity 
[39–41]. Moreover, structural integrity can be further preserved 
through multiple points of attachment [12]. Recent work in our group 
found that the antigen-binding function of antibody immobilized onto 
AuNP is dependent on the presence of solvent accessible high affinity 
moieties on the protein [42]. Thus, it is interesting to consider the 
accessibility of functional groups presented by the protein that exhibit a 
high affinity for the AuNP surface and the functional fate of the adsorbed 
protein. 

Here we investigate the effect of surface accessible thiol groups on a 
protein on the structure and function of the adsorbed protein. 
α-Chymotrypsin (ChT) is a well-characterized enzyme that was selected 
as a model protein for this study. ChT is a serine protease enzyme that 
selectively catalyzes the hydrolysis of peptide bonds on the C-terminal 
side of tyrosine, phenylalanine, tryptophan, and leucine, and its bio
catalytic activity is easily monitored spectrophotometrically. ChT is 
ideal for this study because the native protein does not contain free 
thiols. In this work, thiols are installed onto ChT through chemical 
modification of lysine residues with 2-iminothiolane (Traut’s reagent). 
Subsequently, the adsorption behavior of native ChT and the thiolated 
ChT (T-ChT) analog onto AuNP are directly compared. Thus, it is 
possible to elucidate the impact of free thiols on protein adsorption by 
ensuring that other parameters previously reported to influence protein- 
NP binding are equivalent for both protein-NP systems, e.g., molecular 
weight, protein charge, and amino acid sequence. 

2. Experimental 

2.1. Materials and reagents 

AuNPs were obtained from Ted Pella (Redding, CA) with a diameter 
of 60 nm at a concentration of 2.6 × 1010 (particles/mL). Potassium 
phosphate monobasic was obtained from Thermo Scientific (Rockford, 
IL) and potassium phosphate dibasic is from Mallinckrodt Chemical (St. 
Louis, MO). Traut’s reagent, Ellman’s reagent, and lyophilized horse
radish peroxidase (HRP) were purchased from Thermo Scientific. In all 
studies, type II α-chymotrypsin from bovine pancreas in a lyophilized 
powder from Sigma Aldrich (St. Louis, MO) was used. Monoclonal anti- 
horseradish peroxidase (anti-HRP) antibody isolated from a mouse was 
obtained from MyBioSource (San Diego, CA). All chemicals were used as 
received without further purification. 

2.2. Protein modification with Traut’s reagent 

For modification of solvent-exposed lysine residues on ChT, freshly 
prepared 2-iminothiolane (Traut’s Reagent, 20 µL, 50 mM) was added to 
ChT (500 µL, 2 mg/mL) and incubated for 1 h at room temperature with 
gentle shaking. After incubation, the modified protein (T-ChT) was pu
rified using a desalting column. Following the manufacturer’s protocol, 
the column was centrifuged at 1500 g for 1 min to remove the initial 
storage solution. To charge the column, 300 µL of phosphate buffer (2 
mM, pH 8.0) was added and centrifuged at 1500 g for 1 min. This was 
repeated three times, with the buffer being discarded after each wash. In 

a new centrifuge tube, 300 µL of T-ChT was added to the column with a 
15 µL stacker buffer (2 mM phosphate buffer, pH 8.0). The column was 
centrifuged at 1500 g for 2 min and the final solution was collected. The 
final concentration of T-ChT was determined through UV–visible spec
troscopy and calculated with an extinction coefficient (E1%) of 20.4 at 
280 nm [43]. 

2.3. Determination of free thiols with Ellman’s reagent 

5,5-dithio-bis-(2-nitrobenzoic acid) (Ellman’s reagent, 4 mg) was 
dissolved in 1 mL of phosphate buffer (0.1 M, pH 8.0) containing 0.1% 
EDTA. Cysteine standards at concentrations of 0.1–1.0 µM were pre
pared. In a clear 96-well plate, 46.5 µL of 2 mM phosphate buffer and 
3.5 µL of freshly prepared Ellman’s reagent were added to each well and 
10 µL of standard/sample were then added. The mixture was allowed to 
react for 30 min at room temperature and the absorbance was obtained 
at 415 nm. 

2.4. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) 

Non-reducing SDS-PAGE conditions were employed for analysis of 
ChT and T-ChT. Briefly, enzyme at a concentration of 50 µg/mL was 
prepared. Samples were diluted in loading buffer (75 mM Tris-HCl, 20 % 
(v/v) glycerol, 0.1 % (w/v) bromophenol blue, 2 % (w/v) SDS, pH 8.30) 
and heated at 75 ◦C for 10 min with occasional vortexing. Heated 
samples were centrifuged and loaded (10 µL) on a standard Laemmli 8 % 
tris-glycine SDS gel alongside BioRad Precision Plus protein standard. 
The gel was run in 1x tris-glycine running buffer (25 mM tris base, 192 
mM glycine, 0.1 % (w/v) SDS, pH 8.30) at 120 V for 60 min followed by 
silver staining using the Pierce® Silver Stain for Mass Spectrometry kit 
as per the manufacturer’s recommended protocol. 

2.5. Conjugation of proteins to AuNPs 

Protein immobilization onto AuNPs was completed as previously 
described [44–46]. Briefly, AuNPs (60 nm, 100 µL) were added to a 
low-binding centrifuge tube, and phosphate buffer (4 µL, 50 mM) was 
added to adjust the pH of the suspension to 8.0. The protein sample, ChT 
or T-ChT, was added to the AuNP suspension and incubated for 1 h at 
room temperature, unless noted otherwise. After incubation, the func
tionalized AuNPs were centrifuged at 5000 g for 5 min, the supernatant 
was removed, and the pelleted AuNPs were resuspended in phosphate 
buffer (2 mM, pH 8.0). The functionalized AuNPs were subsequently 
washed and pelleted three more times to thoroughly remove excess 
protein. 

2.6. Salt induced aggregation kinetics 

The stability of the formed protein corona was tested with salt- 
induced aggregation. Sodium chloride (100 mM final concentration) 
was introduced into the functionalized AuNP solution and thoroughly 
mixed prior to beginning UV–vis kinetics measurements. A wavelength 
scan from 400 to 900 nm with 0.50 nm increments was obtained once 
every min for 20 min, and the ratio of A800 nm to A538 nm was calculated 
at each time point to quantitatively assess the rate of aggregation [47]. 

2.7. Enzyme activity assay 

The enzymatic activity of ChT and its analog was determined using 
N-benzoyl-L-tyrosine p-nitroanilide (BTNA) as the substrate [48]. ChT 
catalyzes the cleavage of BTNA to produce p-nitroaniline which exhibits 
strong absorption at 380 nm. To measure the enzymatic activity, 180 µL 
of sample were mixed with 20 µL of 1 mM BTNA in a clear 96-well plate. 
BTNA was dissolved in a DMSO/ethanol (1:9) mixture. The absorbance 
at 380 nm was monitored at 1-min intervals for 20 min to measure the 
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formation of the p-nitroaniline product, and the enzymatic activity was 
defined as the average reaction rate. 

2.8. Protein exchange on protein-AuNP bioconjugate 

ChT-AuNP and T-ChT-AuNP conjugates were prepared as described 
above. The adsorbed ChT and T-ChT were displaced from the AuNP 
surface by the introduction of a competing protein, anti-HRP antibody, 
that has been previously established to possess a high affinity for AuNPs 
[44,45]. Briefly, 3 μg of anti-HRP antibody was added to 100 µL of 
purified ChT-AuNP and T-ChT-AuNP conjugates and incubated for 3 h to 
allow for protein exchange on the AuNP surface. Next, the conjugates 
were centrifuged at 5000 g for 5 min and the supernatant was collected 
for further analysis. The supernatant was first passed through a Vivacon 
500 filtration device (2 kDa MWCO) to concentrate the proteins. Briefly, 
filters were pre-washed twice with 500 µL phosphate buffer (2 mM, pH 
8.0) and centrifuged at 14,000 g for 15 min. Next, 200 µL of sample and 
300 µL of buffer were added to the filters and centrifuged at 14,000 g for 
30 min. The filtration device was then inverted into a new centrifuge 
tube and centrifuged at 2500 g for 2 min to collect the concentrated 
protein. The concentrated supernatant, ChT and T-ChT controls, and 
method controls (e.g., antibody and ChT or T-ChT mixtures passed 
through Vivacon 500 filter) were then electrophoresed via SDS-PAGE 
using reducing conditions (e.g., loading buffer included 0.75 % (v/v) 
β-mercaptoethanol) to confirm the displacement of the ChT and/or 
T-ChT from the AuNP surface. Additionally, the concentrated superna
tant was evaluated for enzyme activity using BTNA to determine the 
activity of the enzyme displaced from the AuNP surface. The pelleted 
AuNP conjugate was resuspended in 2 mM phosphate buffer (pH 8.0) 
and the centrifugation/resuspension cycle was repeated twice more to 
purify the antibody-AuNP conjugates formed by protein exchange. An 
antigen capture assay was performed to confirm the formation of the 
antibody-AuNP conjugate (Supporting Information). 

2.9. Solvent accessibility of amino acids 

The SABLE Server was used to predict the relative solvent accessi
bility of amino acid residues in α-chymotrypsin. Using the amino acid 
sequence for α-chymotrypsin (PDB 4CHA), SABLE outputs a value 
ranging from 0 to 1 for each amino acid residue to represent the relative 
solvent accessibility. A residue that is completely inaccessible is given a 
value of 0, whereas a residue that is fully exposed is given a value of 1 
[49–51]. 

2.10. Instrumentation 

Characterization of conjugates was carried out on a Malvern 

Zetasizer Nano ZSP from Malvern Panalytical (Westborough, MA) for 
dynamic light scattering (DLS) measurements. UV–visible measure
ments were obtained on a Cary 3500 UV–visible spectrophotometer 
from Agilent (Santa Clara, CA) operating from 400 to 800 nm with a 
spectral bandwidth of 0.5 nm. Fluorescence measurements were ob
tained from a Cary Eclipse fluorescence spectrophotometer from Agilent 
scanning from 320 to 380 nm. All well plate absorbance measurements 
were accomplished with a Varioskan LUX multimode microplate reader 
from Thermo Scientific. 

3. Results and discussion 

3.1. Modification and characterization of α-chymotrypsin 

The structure of α-chymotrypsin (ChT) is presented in Fig. 1 [52]. 
The structure reveals 20 cysteine residues in which all are involved in 
disulfide bonds. Free thiols were installed onto ChT by reacting with 
Traut’s reagent to create a thiolated ChT analog (T-ChT) and to study the 
impact of thiols on the structure and function of the enzyme upon 
adsorption to citrate-capped gold nanoparticles with a nominal diameter 
of 60 nm. Specifically, Traut’s reagent was selected as the chemical 
modifier because it reacts with primary amines available on lysine res
idues and installs a free thiol functional group (Fig. S1). 

Chemical modification of ChT was confirmed by use of Ellman’s 
reagent and a cysteine calibration curve to quantify the number of free 
thiols on native ChT and the synthesized T-ChT (Fig. S2) [54]. No free 
thiols were detected on ChT, confirming that cysteine residues are 
involved in disulfide bridges, as determined by crystallography 
(Fig. 1A). T-ChT was synthesized with a 25-fold molar excess of Traut’s 
reagent to modify all reactive amines. Analysis of T-ChT found that 2.0 
± 0.7 free thiol groups were installed on each T-ChT molecule and es
tablishes successful modification with Traut’s reagent. The reaction of 
Traut’s reagent with a lysine residue requires that the amino group on 
the side chain is deprotonated and solvent accessible. Examination of the 
electrostatic potential map (Fig. 1B) and relative solvent accessibility 
(Fig. 1C) suggests that Lys84 and Lys93 are most likely to be modified 
based on accessibility and favorable charge, e.g., neutral to slight posi
tive charge. Lys170 is highly accessible, but likely not reactive due to its 
protonation state. Lysines at positions 36, 79, 202, and 203 are predicted 
to exhibit favorable charge states with moderate accessibility; thus, 
while less probable, these are also potential sites for modification. 
Collectively, these data support the experimentally measured number of 
installed thiols. 

Protein modification can lead to unwanted protein denaturation 
and/or aggregation through intermolecular disulfide bridging; there
fore, native ChT and chemically modified T-ChT were analyzed using 
SDS-PAGE under non-reducing conditions to evaluate the impact of 

Fig. 1. (A) Structure of α-chymotrypsin (PDB 4CHA). Cysteine residues are highlighted in yellow and each is a participant in a disulfide bond [52]. (B) Electrostatic 
potential surface map of α-chymotrypsin calculated at pH 8.0. Lysine residues are overlaid as spheres and Lys84 and Lys93 are marked with black arrows. The blue 
represents positive potential, and the red represents negative potential, with a range from − 5 kbT/e to + 5 kbT/e [53]. (C) Relative solvent accessibility of each 
amino acid in α-chymotrypsin with lysine residues shown as red data points and cysteine highlighted as green data points. 
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chemical modification on the protein oligomerization state. Impor
tantly, equivalent mobilities are observed for ChT and T-ChT suggesting 
the chemical modification did not render the protein unstable (Fig. 2A). 
However, it is noted that the globular, non-reduced ChT and T-ChT 
samples migrated with reduced mobility as compared to the linearized 
protein of similar molecular weight (~ 25 kDa) within the ladder. This is 
expected as intramolecular disulfide bonds have been shown to reduce 
the mobility of a protein [55–59]. ChT and T-ChT were further char
acterized with respect to enzymatic reaction rate to evaluate if the thi
olation of two lysine residues influenced the biological activity of ChT. 
To this end, solutions of ChT and T-ChT were each prepared at 
27.5 μg/mL and reacted with BTNA, a substrate previously employed to 
assess enzymatic activity of ChT [48]. ChT catalyzes the hydrolysis of 
the BTNA amide bond to produce p-nitroaniline which enables the re
action rate to be measured spectrophotometrically. Equivalent reaction 
rates were observed for ChT and T-ChT (Fig. 2B) and establish that the 
installation of thiol functional groups on ChT to form T-ChT does not 
significantly alter the enzyme structure/function. 

3.2. Adsorption of ChT and T-ChT onto gold nanoparticles 

Adsorption isotherms were generated to compare the interaction 
between ChT or T-ChT and AuNPs. Varying concentrations of protein 
(0–60 μg/mL) were introduced to a suspension of AuNPs and allowed to 
incubate for 1 h. Dynamic light scattering (DLS) was used to measure the 
hydrodynamic diameter of the protein-AuNP conjugate as a means to 
monitor adsorption. Fig. 3 establishes that both ChT and T-ChT spon
taneously adsorb onto AuNPs, saturate at monolayer coverage, and form 
stable bioconjugates. The thickness of the protein layer at monolayer 
coverage and the adsorption affinity (Kd) were extracted from a best fit 
of the adsorption isotherms to the Langmuir model (Fig. 3). The greater 
binding affinity exhibited by T-ChT is anticipated based on the instal
lation of free thiols that are known to strongly interact with gold surfaces 
[31,44]. Additionally, the T-ChT layer is slightly thicker than the ChT 
layer on the AuNP and implies differences between ChT and T-ChT with 
respect to protein orientation, loading, or structure (denatur
ed/deformed) when adsorbed onto the AuNP. 

The protein-AuNP conjugates were then centrifuged to remove 
loosely bound proteins from the AuNP surface and again analyzed with 
DLS to distinguish between the hard and soft protein corona [60–63].  
Fig. 4A shows a marked decrease in DH after centrifuging the ChT-AuNP 
conjugates and removing excess/weakly bound ChT molecules for each 
ChT concentration. This data suggests a significant fraction of the ChT 
molecules were loosely adsorbed onto the AuNP. The fully saturated 
conjugates maintained an ~4 nm increase in DH relative to the uncon
jugated AuNP confirming another fraction of the ChT molecules formed 
a hard corona. In contrast, centrifugation of the T-ChT-AuNP conjugates 
resulted in an insignificant decrease in the DH of the conjugates 
(Fig. 4B). These data establish the T-ChT-AuNP interaction is robust, and 
the protein corona can be characterized as primarily hard. Extinction 
spectra corroborate the DLS data and support the protein corona 
description (Fig. 4C and D). The surface plasmon resonance (SPR) band 
for the ChT conjugate red shifted from 535 nm for the unconjugated 
AuNP to 539 nm after ChT adsorption, prior to centrifugation, e.g., 
combined hard and soft protein corona. This 4-nm shift in SPR resulted 
from a change in the local refractive index at the AuNP surface upon 
protein adsorption and is consistent with previously reported values for 
protein adsorption [64,65]. After centrifugation, the SPR band was 
centered at 536 nm and confirms the partial removal of adsorbed ChT, e. 
g., loosely associated ChT molecules. In comparison, the SPR band of the 

Fig. 2. (A) Image of non-reducing gel for SDS-PAGE analysis of ChT (lanes 3 
and 4) and T-ChT (lanes 6 and 7). Each sample was prepared in duplicate. (B) 
Enzymatic rates of unmodified ChT (ChT) and after modification with Traut’s 
reagent (T-ChT). Each enzyme sample was prepared at 27.5 μg/mL. Incubation 
of the BTNA substrate with phosphate buffer (2 mM, pH 8.0) in the absence of 
enzyme served as the negative control (Blank). 

Fig. 3. Adsorption isotherms generated by plotting the increase in hydrody
namic diameter (ΔDH) of the conjugate relative to the unconjugated AuNP for 
the adsorption of ChT (black circles) and T-ChT (red squares) at 1.0–60 µg/mL. 
The data were best fit to the Langmuir adsorption isotherm model (solid lines). 
ChT resulted in ΔDH,max of 5.43 ± 0.22 nm and Kd of 1.43 ± 0.38 μg/mL; T-ChT 
resulted in ΔDH,max of 6.73 ± 0.17 nm and Kd of 0.84 ± 0.17 μg/mL. 
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T-ChT-AuNP was located at 539 nm both before and after centrifuga
tion, confirming the associated T-ChT layer on the AuNP surface 
remained intact. 

The overall stability of the protein-AuNP conjugates was investigated 
with salt induced aggregation kinetics. The presence of a hardened 

protein corona protects AuNPs from aggregation as electrolytes are 
introduced to cause a collapse of the electrical double layer [66,67]. 
After bioconjugate purification, NaCl was added to ChT-AuNP and 
T-ChT-AuNP conjugates and extinction spectra were acquired as a 
function of time to monitor aggregation (Figs. S3A and S3B). As is 

Fig. 4. Adsorption isotherms of ChT (A) and T-ChT (B) for 1.0–60 µg/mL of protein after conjugation to AuNP. DLS data was obtained after conjugation pre (black) 
and post (red) purification via centrifugation. Representative UV-Vis spectra of ChT (C) and T-ChT (D) conjugates (30 µg/mL). Black line indicates unconjugated 
AuNP. Solid (red) and dashed (red) lines indicate pre and post purification of conjugates, respectively. 

Fig. 5. Aggregation factors as a function of time in a saline environment for ChT-AuNP conjugates (A) and T-ChT-AuNP conjugates (B), where the enzyme was 
allowed to adsorb onto the AuNP for 1 h (black), 4 h (red), 8 h (green), and 24 h (blue) prior to the addition of salt. 
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evident in Figs. S3A and S3B, the magnitudes of the SPR band (λ538 nm) 
decreases and the aggregation band (λ800 nm) increases at a faster rate for 
ChT-AuNP conjugate than the T-ChT-AuNP conjugate. Aggregation was 
quantified by calculating the aggregation factor (AF) at each time point, 
where AF is defined as the ratio of the extinction of the emerging ag
gregation peak at 800 nm and extinction of the SPR peak position at 
538 nm (Eq. 1) [47]. 

AF =
A800

A538
(1) 

Fig. 5A and B establish that the thiolated T-ChT forms a more stable 
conjugate than the unmodified ChT and is consistent with the DLS and 
extinction spectra demonstrating that T-ChT forms a hard corona on the 
AuNP, while ChT molecules form a mixed soft/hard corona. 

Previous works have found that the protein corona is dynamic and 
that loosely bound proteins in the soft corona can reorient/unfold with 
increased incubation time to increase the binding affinity and harden 
[33,42]. To explore this time-dependent corona formation, ChT and 
T-ChT were incubated with AuNP for varying amounts of time (1 – 24 h) 
to allow for protein adsorption. Subsequently, the conjugates were 
centrifuged to remove the soft protein corona and then subjected to NaCl 
treatment and monitored via extinction spectroscopy to evaluate the 
conjugate stability. Fig. 5A shows similar aggregation kinetics inde
pendent of the time allowed for ChT to adsorb, suggesting that no 

additional corona hardening occurred beyond 1 h of interaction. How
ever, increased incubation time allowed T-ChT to form a more stable 
conjugate, likely by reorientation of molecules to position the installed 
thiol moiety adjacent to the AuNP surface for chemisorption (Fig. 5B). 

The concentration of protein adsorbed on the AuNP was determined 
using an indirect method in which a defined concentration of protein is 
added to the conjugate and the excess unbound is quantified. Protein 
loading is calculated as the difference in the concentration of protein 
added to the AuNP and the concentration of protein that remains in the 
supernatant. Initially, we attempted to use native protein fluorescence to 
quantify protein in the supernatant [68]; however, we observed a dif
ference in the emission spectra for the unbound ChT relative to standard 
solutions of ChT, suggesting inherent structural differences between the 
two. Consequently, accurate calibration and comparison of ChT and 
T-ChT concentrations were not possible based on protein fluorescence. 
Subsequently, a bicinchoninic acid (BCA) total protein assay was used to 
accurately quantify the unbound protein (Fig. S4). Guided by adsorption 
isotherms presented in Fig. 3, a total of 15 μg of ChT or T-ChT were 
added to 1.0 mL of AuNP and allowed to incubate for 1 h to saturate the 
AuNP surface at maximum coverage. The formed protein-AuNP conju
gate was harvested via centrifugation, and the protein in the remaining 
supernatant was quantified using a BCA microassay with ChT and T-ChT 
solutions as calibration standards. Based on the protein added and that 
remaining in the supernatant, 4.51 and 7.75 μg/mL of ChT and T-ChT, 

Fig. 6. Normalized fluorescence spectra for ChT (A) and T-ChT-AuNP (B) collected as the supernatant after incubation with AuNPs for 24 h (solid black line). ChT 
and T-ChT prepared and stored at room temperature for 24 h prior to analysis were analyzed as negative control samples. ChT and T-ChT were thermally denatured 
and analyzed to serve as positive control samples. Plotted fluorescence peak position of ChT (C) and T-ChT (D) where black and red are supernatant samples and 
controls, respectively. The horizontal dashed line marks the peak position for the thermally denatured positive control samples. 
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respectively, were adsorbed onto the AuNP. These measured values are 
consistent with the DLS data and extinction spectra determining the 
hard and soft corona, as well as the kinetics of the salt-induce 
aggregation. 

As noted above, differences in fluorescence emission spectra were 
observed for excess, unbound ChT separated from the formed AuNP 
conjugate. It is widely established that the intrinsic fluorescence of 
tryptophan residues is very sensitive to protein conformational changes 
and can provide valuable information about changes in the secondary 
and tertiary structure [69,70]. Thus, additional fluorescence studies 
were conducted to gain insight into structural changes induced by 
exposure to AuNPs. The fluorescence spectrum of a freshly prepared 
solution of ChT and excess ChT collected in the supernatant after 24 h of 
incubation with AuNP are presented in Fig. 6A. A significant bath
ochromatic shift in the fluorescence maximum is noted for the ChT after 
incubation with the AuNP. Fig. 6B shows that the fluorescence spectra of 
freshly prepared T-ChT and T-ChT collected in the supernatant after 
24 h of incubation with AuNP are equivalent to that of freshly prepared 
ChT, i.e., no spectral shift. Thus, this data suggests that ChT adsorbs onto 
AuNP, undergoes significant changes in secondary structure, and then 
desorbs from the AuNP surface. Conversely, the T-ChT adsorbs onto the 
AuNP to remain bound and prevents the excess T-ChT in the supernatant 
from interacting with the AuNP surface. Therefore, the secondary 
structure of the T-ChT in the supernatant is not altered; however, no 
insight into the structure of the immobilized T-ChT is obtained. Fluo
rescence spectra were also collected for thermally denatured proteins 
and confirmed the red shift can be attributed to protein denaturation 
(Fig. 6A and B). Time-dependent fluorescence spectra were then 
collected to determine if there is a correlation between incubation time 
with the AuNP and increased changes in protein secondary structure 
(Fig. 6C and D). A significant shift in the fluorescence maxima is noted 
for the ChT-AuNP samples after the 8 h incubation period, with peak 
positions close to the thermally denatured control sample. We note the 
fluorescence spectrum is an average of the protein population and we 
deduce that no shifts are observed for ChT after 1 h and 4 h of incubation 
with AuNP because the fluorescence spectrum is dominated by a large 
excess of ChT molecules that has not had sufficient time to interact with 
the AuNP. In comparison, no such shift is noted for the T-ChT-AuNP 
conjugates at all time points. 

3.3. Activity of bioconjugates 

The enzymatic activity of the purified enzyme-AuNP conjugates was 
analyzed. To this end, ChT-AuNP and T-ChT-AuNP conjugates were 
prepared, and excess, unbound enzyme was removed from the conjugate 
suspension. BTNA was mixed with the isolated conjugate and the 
absorbance of the product was monitored at 380 nm to assess the 
enzymatic activity. A negative control sample was prepared as the 
addition of BTNA to buffer, in the absence of enzyme. The reaction rates 
for both the ChT-AuNP and T-ChT-AuNP conjugates were statistically 
equivalent to that of the negative control (Fig. 7); thus, we concluded 
that neither conjugate was enzymatically active. It should be noted that 
ChT-AuNP conjugates were previously reported to be catalytically active 
towards BTNA [48]. However, in that work it was assumed that ChT was 
exhaustively adsorbed onto the AuNP, thus, not requiring a purification 
step to isolate the ChT-AuNP conjugates from excess ChT. 

Enzymatic activity can provide valuable insight into the orientation 
or structural changes of the adsorbed enzyme. A loss in activity, as 
observed in this system, could suggest that the active site is inaccessible 
due to the orientation of the enzyme or that the interaction with the 
AuNP surface induces structural changes, i.e., unfolding, that have 
functional consequences. To identify which of these two factors causes 
the decrease in enzyme activity, the adsorbed enzyme was displaced 
from the AuNP surface, and the enzyme recovered in solution was 
evaluated for enzymatic activity. This was achieved using an approach 
recently reported by our lab, in which an IgG antibody was added to the 

enzyme-AuNP conjugate to displace the pre-adsorbed ChT or T-ChT on 
the AuNP surface [44]. To confirm protein exchange on the AuNP sur
face was successful, the conjugates were centrifuged and the unbound 
proteins present in the supernatant were analyzed via reducing 
SDS-PAGE. In Fig. 8, a band with an approximate molecular weight of 
15 kDa is observed for the ChT (lane 9) and T-ChT (lane 10) displaced 
from the AuNP surface. These bands are consistent with the molecular 
weight of the ChT B chain that is observed in the control lanes con
taining freshly prepared ChT (lane 3) and T-ChT (lane 4), as well as 
concentrated ChT (lane 5) and T-ChT (lane 6). Importantly, this protein 
band is absent in the antibody control sample (lane 2) and confirms the 
presence of ChT and T-ChT in the isolated supernatant, thus verifying 
enzyme displacement from the AuNP. A concentrated mixture of anti
body and ChT or T-ChT was electrophoresed in lanes 7 and 8 to yield 
many non-resolved bands resulting from the proteolytic nature of the 
enzymes acting on the antibody. Additionally, protein exchange was 
indirectly confirmed by measuring the antigen-binding activity of the 
newly formed antibody-AuNP conjugates after displacing ChT and 
T-ChT from the AuNP surface (Fig. S5). The measured activity of the 
displaced ChT and T-ChT is presented in Fig. 7. Notably, the displaced 
T-ChT is highly active. This is in contrast to the displaced ChT which 
yields reaction rates slightly greater than the negative control. We 
postulate that the T-ChT adsorbs to the AuNP through an installed thiol 
and does not require protein unfolding to adsorb. Thus, the structure and 
activity of T-ChT is conserved after adsorption and displacement from 

Fig. 7. Enzymatic rates of ChT and T-ChT adsorbed onto AuNP (conjugates) 
and enzymatic rates of ChT and T-ChT displaced from the surface of the AuNP 
by an IgG protein. Incubation of the BTNA substrate with phosphate buffer 
(2 mM, pH 8.0) in the absence of enzyme served as the negative control (Blank). 

Fig. 8. SDS-PAGE analysis. Lanes from left to right: (1) protein ladder, (2) 
α-HRP Ab control, (3) ChT control, (4) T-ChT control, (5) ChT concentrated, (6) 
T-ChT concentrated, (7) ChT + α-HRP Ab concentrated, (8) T-ChT + α-HRP Ab 
concentrated, (9) ChT conjugate supernatant, (10) T-ChT conjugate 
supernatant. 
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the AuNP. However, T-ChT is oriented such that the active site is steri
cally hindered by the AuNP when adsorbed. In contrast, the ChT must 
denature to facilitate adsorption and the structure is irreversibly altered 
to diminish activity after displacement. This is consistent with fluores
cence data (Fig. 6) and, collectively, these data suggest that ChT weakly 
adsorbs to AuNP, denatures, and desorbs. 

4. Conclusion 

The presence of high affinity functional groups on the surface of a 
protein is an important factor that dictates the functional fate of a pro
tein adsorbed onto a AuNP. Using an array of complementary analytical 
methods, we compared the adsorption of ChT, which does not possess a 
free thiol, and a thiolated ChT analog to AuNPs. The adsorption process 
was substantially different for the two proteins. Based on a DLS-derived 
adsorption isotherm, T-ChT possesses a greater adsorption affinity than 
ChT. Moreover, the thiolated analog resulted in the formation of a hard 
corona, whereas the native ChT formed a mixed soft/hard protein layer. 
These two proteins have equivalent molecular weight, charge, and 
amino acid sequence; thus, we conclude that the installation of surface 
accessible thiols on T-ChT is responsible for the increased binding af
finity. Fluorescence data reveal that the secondary structure of native 
ChT is altered with prolonged interaction on the AuNP surface. This is 
consistent with a dynamic ChT layer in which the ChT molecule weakly 
interacts with the AuNP and undergoes conformational changes, pre
sumably to maximize the binding energy. However, conformational 
changes are not required to maximize binding interaction for a protein 
that displays a high affinity thiol group. In a functional assay, neither the 
ChT-AuNP nor the T-ChT-AuNP bioconjugate is enzymatically active 
towards a substrate. However, after displacement from the AuNP sur
face, the T-ChT is biologically active while the ChT is not functional and 
supports the notion that enzyme orientation is an additional consider
ation for the performance of a protein-AuNP bioconjugate. Collectively, 
these data suggest the presence of a solvent accessible thiol on a protein 
cannot be used as a sole predictor of the loss or gain of protein function 
when adsorbed on a AuNP but is a useful criterion to anticipate protein 
denaturation upon adsorption to a AuNP. Additionally, this work es
tablishes that chemical modification of proteins prior to conjugation to 
AuNPs is a simple and facile approach that can be readily applied to 
other protein systems for the synthesis of robust and functional conju
gates. Future studies will investigate the combined effect of thiolation 
and other reported parameters that impact enzyme adsorption and 
structure/activity, including NP curvature, protein size, protein 
deformability/rigidity, and NP surface charge [17–24]. 
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