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Abstract

A rapid,  high  throughput  fluorescence  assay  was  designed  to  screen  interactions  between

proteins  and  nanoparticles.  The  assay  employs  fluorescamine,  a  primary-amine  specific

fluorogenic  dye,  to  label  proteins.  Since  fluorescamine  could  specifically  target  the  surface

amines on proteins, a conformational change of the protein upon interaction with nanoparticles

will result in a change in fluorescence. In the present study, the assay was applied to test the

interactions between a selection of proteins and nanoparticles made of polystyrene, silica, or iron

oxide. The particles were also different in their hydrodynamic diameter, synthesis procedure, or

surface  modification.  Significant  labeling  differences  were  detected  when  the  same  protein

incubated  with  different  particles.  Principal  component  analysis  (PCA)  on  the  collected

fluorescence profiles revealed clear grouping effects of the particles based on their properties.

The  results  prove  that  fluorescamine  labeling  is  capable  of  detecting  protein-nanoparticle

interactions,  and the  resulting fluorescence  profile  is  sensitive  to  differences  in  nanoparticle

physical properties. The assay can be carried out in a high-throughput manner, and is rapid with

low operation cost. Thus, it is well suited for evaluating interactions between a larger number of

proteins  and  nanoparticles.  Such  assessment  can  help  to  improve  our  understanding on  the

molecular basis that governs the biological behaviors of nanomaterials. It will also be useful for

initial  examination  of  the  bioactivity  and  reproducibility  of  nanomaterials  employed  in

biomedical fields. 
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While promising nanomaterial-based biosensors,  imaging probes,  drug carriers, et  cetera,

have been developed, implementation of these materials in biomedical fields is still hindered by

the  lack  of  a  thorough  understanding about  the  implications  of  nanomaterials  on  biological

systems.1 It has been established that the behaviors of nanomaterials in biosystems is strongly

influenced  by  their  interaction  with  proteins.2,3 The  protein  interaction  behaviors  of

nanomaterials could be indicative of their biological activity.4 Nanomaterials can be produced

with distinct or subtle differences in chemical composition, size, shape, surface modification, et

cetera.5-7 Proteins are highly diverse in their properties as well. Changes in properties of both

proteins and particles can strongly influence interactions between the two, making it necessary to

conduct such studies on large sample sets with a fast and high-throughput assessment method.

Nanoparticle-protein  interactions  have  been  evaluated  by  separation8 and  spectroscopic

techniques,9 but  problems  exist  with  these  methods,  including  requirements  for  target

immobilization,  multi-step  sample  processing,  or  protein/particle  modification.  Alternatively,

screening of protein adsorption on nanomaterials in biological matrices has been achieved using

proteomic techniques;3 and the adsorption profile was found to be dependent on the properties of

the  nanomaterial  used.10 Proteins  undergo  structural  changes  upon  interacting  with

nanomaterials,11 and the changes could be strongly influenced by the properties of nanomaterials;

such as surface curvature,5,12 chemical structure of surface coating,7,13 and core material.14 Protein

structural changes during interaction with nanomaterials can be assessed by circular dichroism,15

enzymatic activity measurement,16 or dynamic light scattering;17 but they are time consuming,

tedious, and low throughput.

Herein, we developed a high-throughput assay for rapid screening of the interactions between

proteins  and  nanomaterials.  The  assay  relies  on  simple  yet  rapid  protein  labeling  via  a
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fluorogenic dye, fluorescamine, which is activated upon reaction with a primary amine.18 This

property has been employed to label peptides and small  molecules prior to  chromatographic

analysis,  quantifying proteins in a  sample19 as  well  as counting amine sites on nanomaterial

surfaces.20,21 In the present study, we tested whether fluorescamine labeling could be used to

detect protein-nanoparticle interaction, and how the resulting fluorescence profile was related to

the properties of nanomaterials.

Materials and Methods

Reagents  used  in  the  study. Fluorescamine was purchased from either  Life  Technologies

(Carlsbad,  CA)  or  Sigma-Aldrich  (St.  Louis,  MO).  Solid  HEPES  was  purchased  from

CalBioChem  (EMD  Millipore,  Darmstadt,  Germany).  Sodium  phosphate  monobasic

monohydrate,  anhydrous sodium phosphate  dibasic,  sodium chloride,  sodium tetraborate,  tris

base, sodium hydroxide, hydrochloric acid, ethanol, dimethyl formamide (DMF), dithiothreitol,

iodoacetamide and glycine were all purchased from Thermo Fisher Scientific (Waltham, MA).

All proteins were obtained from Sigma-Aldrich.

Nanomaterials investigated. Polystyrene (PS) nanoparticles with a carboxylated surface and

core diameter of 42, 48 or 85 nm were purchased from Polysciences (Warrington, PA). Silica

particles were synthesized in-house (synthesis in Supporting Methods) with varying degrees of

surface carboxylation. Iron oxide nanoparticles (IONPs) with a 10-nm core diameter and coated

by either an amphiphilic polymer (10-AMP-1, 10-AMP-2) or polyethylene glycol (10-PEG) were

purchased from Ocean Nanotech (Springdale, AR).

Capability  of  fluorescamine  in  labeling  amines  on  protein  surface.  Apha-1-antitrypsin,

succinyl concanavalin A, transferrin and human serum albumin were incubated in 50% ethanol
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(EtOH) aqueous solution to induce extreme conformational changes. Alcohol denaturation was

conducted  for  30  minutes  at  37°C.  After  denaturation,  the  protein  was  incubated  with

fluorescamine (final protein and dye concentrations were 100 nM and 1 mM, respectively) for 10

minutes before fluorescence detection on the Victor II plate reader. As a control, proteins were

treated under identical conditions with the 50% EtOH replaced by the 10 mM phosphate buffer

(pH 8.0  with  50  mM NaCl).  To  confirm that  the  fluorescence  increase  was due  to  protein

conformational change, circular dichroism (CD) was conducted on two selected proteins to assay

changes in secondary structure. CD spectra were collected on a Jasco J-815 spectrometer (details

in  Supporting  Methods),  and the  secondary  structure  determined by the  method outlined  in

Raussens et al.22

On-plate fluorescamine assays for determining changes in the physicochemical properties of

nanoparticles. The mixture of 400 nM protein and 40 nM particles were incubated at 37 °C for 2

hrs in 10 mM phosphate (pH 8.0, 50 mM NaCl). The final volume for the mixture was 100 μL.

For each protein-particle pair, two controls were included. One contained only the protein; and

the other had only the particles in the buffer. After incubation, the sample was transferred to a 96-

well plate. Five μL fluorescamine was added to each well (final concentration1 mM) and reacted

for  10  min  at  room  temperature.  The  plate  was  analyzed  using  the  Victor  II  plate  reader.

Experiments were conducted in triplicate. 

Afterward,  the fluorescence intensity for each protein-particle pair was normalized to the

particle-free signal, and the normalized values for all pairs were subject to principal components

analysis (PCA). The scores plot was prepared using the first two principal components to show

the  grouping  effect  of  nanoparticles.  The  loadings  plot  was  used  to  determine  the  relative

contribution of each protein to the particle’s location on the scores plot.
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Fluorescamine assay coupled with on-filter digestion for non-transparent particles.  In an

Eppendorf  tube,  400 nM of HSA, transferrin  or thyroglobin and 40 nM of the  IONPs were

incubated in 10 mM phosphate (pH 8.0, 50 mM NaCl) for 2 hours at 37 °C. After incubation, the

samples were treated with 1 mM fluorescamine for ten minutes at room temperature. Samples

were then quenched with 10 mM tris buffer, and transferred to a 30 kDa Amicon filter. The

protein samples were digested on-filter using a modified filter-aided sample preparation (FASP)

protocol (Supporting Information).23 The post-digestion flow-through was then transferred to a

96-well  plate  and  analyzed  on  the  Victor  II  plate  reader.  Experiments  were  conducted  in

duplicate or triplicate.

Results and Discussion

Nanoparticles and proteins used in the study. All  nanoparticles chosen for this study are

listed in Table 1.  The carboxylated PS and silica particles,  representing optically  transparent

nanomaterials,  were  used in  the  on-plate  assay.  Two of  the  PS samples were  from different

batches of the same product, with an average diameter of 45 nm. The third PS sample had a

larger diameter of 85 nm. The silica particles, fabricated by a modified Stӧber synthesis,24 also

functionalized with carboxyl groups. Particles were aminated for various times prior to the 24-

hour  carboxylation  process.  DLS  and  zeta-potential  measurements  indicated  that  all  silica

particles had similar hydrodynamic diameters of 85-95 nm with small  differences in surface

charge density. These transparent particles vary in core material, size, or synthetic pathway, and

in this study, their interactions with proteins having different Mw and pI values were explored by

fluorescamine labeling using the simple on-plate assay format. 
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The IONPs were chosen as a non-transparent case to show the applicability of this assay over

a wider range of nanomaterials. Such particles strongly absorb the fluorescent signal from the

reacted fluorescamine, and thus were not suitable for the on-plate assay. Instead, the proteins

were  digested  after  particle  interaction  and  fluorescamine  labeling,  and  the  peptides  were

analyzed. All IONPs had a similar core diameter of 10 nm, but were different in their surface

coating: they were covered by either PEG or AMP. 

As proof of principle, succinyl concanavalin A (ConA), alpha-1-antitrypsin (A1AT), serum

albumin (HSA), transferrin, haptoglobin, and apolipoprotein A1 (APOA1) were employed. Such

proteins have well-known and well-characterized tertiary structures in the RSCB Protein Data

Bank.  The  structures  helped to  calculate  the  numbers  of  surface-accessible  amines  of  these

proteins in their native structures, for assessment of fluorescamine’s capability in targeting such

amines. Screening of protein interaction on all of the selected nanoparticles was done on proteins

with different size/Mw, isoelectric point, and hydrophobicity (Table S1): cytochrome C (cyt C),

hemoglobin,  catalase,  HSA, transferrin,  fibrinogen and thyroglobulin.  Protein hydrophobicity

was  represented  by  the  grand  average  of  hydropathy  (GRAVY)  scores  calculated  using

ProtParam, a tool available in the SIB ExPASy Bioinformatics Resources Portal.25 The selected

proteins  covered  a  wide  range  of  Mw  (from  11.5  to  300  kDa),  pI  (from  5.2  to  9.5),

hydrophobicity (GRAVY score from -0.004 to -0.885), and number of primary amines (from 17

to 255). 

Inclusion of proteins and nanoparticles possessing diverse properties is necessary in high

throughput  screening  of  protein-nanoparticles,  in  order  to  reveal  the  key  parameters  that

influence protein-nanoparticle interaction. 
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Optimization of fluorescamine reactivity. In order to capture changes in protein conformation

during interaction  with nanomaterials,  the  labeling reaction  must  be  rapid and efficient.  We

studied  the  reaction  of  fluorescamine  with  glycine  under  different  conditions  (Supplemental

Methods). The choice of buffer, as well as buffer pH and salt concentration, were optimized for

maximum reactivity (slope of the fluorescence vs. glycine concentration plot) and a low limit of

detection (LOD). Of the three buffers chosen, phosphate yielded the highest reactivity compared

to HEPES and MES at the same pH of 7.5 (Table S2). Investigation of reactivity in 10 mM

phosphate at pH 6.0, 7.0, 7.5, and 8.0, showed the steepest fluorescence increase at the higher

pH. More primary amines will be deprotonated under basic pH, allowing for a more rapid and

complete reaction with fluorescamine. NaCl concentrations from 0, to 50, 100 and 150 mM were

tested,  with  little  change  in  reactivity  observed.  Since  a  large  amount  of  salt  could  cause

nanoparticle aggregation due to reduction in electrostatic repulsion between particles, we used 50

mM NaCl to maintain protein’s secondary structure.26 In 10 mM phosphate at pH 8.0 with 50

mM NaCl, the resulting fluorescence reached a plateau at 60 min, with 85% of the maximum

value achieved within five minutes (Figure S1). This buffer was used in all of the following

studies, and the reaction time was fixed at ten minutes to permit adequate labeling.

Capability of fluorescamine in targeting the surface amines of protein. In addition to reacting

with primary amines, fluorescamine is also hydrolyzed in a basic, aqueous solution, yielding a

non-fluorescent product.21 The short life time in aqueous environment facilitates it to only react

with the  most-available  amines in  a  protein  before  being hydrolyzed.  To determine  whether

fluorescamine possessed specificity towards surface amines on a protein, four proteins – ConA,

A1AT, HSA and transferrin –were incubated under harsh denaturation conditions (50% ethanol)

before fluorescamine was added to react with the surface amines. After the ethanol treatment
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fluorescence was found to increase by 100-300% (Figure 1) in all proteins except for ConA. No

fluorescamine labeling was detected for this protein in its native or denatured form, which could

be  due  to  lack  of  surface  amines  on  this  protein.  Protein  structural  changes  caused  by

denaturation were confirmed by circular dichroism (CD) measurements on HSA and transferrin.

The CD spectra were processed as in our previous report43  to calculate the percentage of alpha

helix, beta sheet, and random coil in the overall protein structure (Supporting Information Figure

S2). In agreement with the fluorescamine labeling results, the percentage of alpha helix in HSA

incubated in 50% ethanol was significantly lower than that in the phosphate buffer (Fig. S2A),

while the percent of both the beta sheet and random coil increased. For transferrin, more alpha

helix was generated in 50% ethanol, accompanied with some loss of random coil (Fig. S2B). 

To further confirm its selectivity towards surface amines, fluorescamine was incubated with

A1AT, APOA1, haptoglobin, HSA, and transferrin, respectively, in the phosphate buffer. Using a

calibration curve made from glycine, the number of fluorescamine labeling events per protein

molecule was calculated by the following equation: 

#of labeling events=

(Fprotein)

(Molprotein)

(
Fglycine

Molglycine

)

where F is the raw fluorescence of either the protein sample or the glycine standard. This value

was compared to the total numbers of Lys/Arg in each protein (as determined from the protein

sequence)  as  well  as  the  solvent-accessible  surface  amine  residues,  which  were  determined

through GETAREA (Table 2), an online application provided by the University of Texas Medical

Branch.27 Table  2  shows  that,  for  most  proteins,  there  was  good  agreement  between  the

experimentally determined and theoretically calculated number of surface amines, giving strong
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support  to  the  surface-specificity  of  fluorescamine.  The  only  exception  was  transferrin:  the

number of detected amines was larger than the number of solvent accessible amines. This can be

attributed to the 3D structure used. Only dimeric transferrin complexes are found in the RSCB,

which would lead to some surface amines being buried at the protein interface and no longer

being recognized as solvent accessible by GETAREA. Due to fluorescamine’s rapid reactivity

and inactivation in water, it cannot enter the core of the protein before being hydrolyzed. As a

result, fluorescamine can only target solvent accessible (surface) amines. This result also proves

that,  fluorescamine  labeling  by  itself  would  not  disturb  protein  structure.  Otherwise,  a

significantly higher number of labeling events than the calculated number of surface amines

would be detected in all of the tested proteins due to exposure of the buried lysine and arginine

residues. 

Fluorescamine assay for revealing interaction between proteins and nanoparticles. Specific

labeling of  a  protein’s surface by fluorescamine could be  useful  for detection of  interaction

between proteins  and nanoparticles.  Once the  protein  is  adsorbed onto  the  nanoparticle,  the

number of surface amines would change due to disturbances in the protein’s tertiary structure and

formation of the binding interface, altering the labeling result.  We examined the interaction of

HSA and  transferrin  with  the  42-nm  carboxylated  PS  particles  by  fluorescamine  labeling.

Compared to the protein itself, the resulting fluorescence upon interaction with the nanoparticles

increased by 1.5 and 3 fold for HSA and transferrin, respectively (Figure 2A, particle labeled as

PS-1). CD measurement confirmed that interaction with the PS particles significantly increased

the content of alpha helix and slightly reduced random coils  in transferrin  (Fig.  S2B).  Such

conformational changes in protein structure may have exposed more amines for fluorescamine to

label.  Agreeing with the fluorescamine result,  the degree of conformational changes in HSA
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detected by CD was much lower than that in transferrin when adsorbed by the PS particles: no

noticeable change was detected by CD in HSA (Fig. S2A). A large protein-to-particle molar ratio

of 100:1 was used in CD measurement for reduction of the background UV absorbance from the

nanoparticles. The number of HSA adsorbed by the nanoparticles was too small among the bulk

population of the HSA molecules to induce sufficient change detectible by CD. 

Relationship between fluorescence profile and particle properties.  We further explored the

relationship between protein labeling and nanoparticle properties. Interactions between various

PS and silica nanoparticles  and a  group of  proteins were examined using the  fluorescamine

assay.  Each of  the  six  different  nanoparticles  incubated with  seven individual  proteins  were

screened per experiment, plus the corresponding particle-only and protein-only controls. A 96-

well plate was used to simultaneously test  such a high number of samples.  All fluorescence

signals of the protein-particle mixtures were normalized to that of the protein-only blank and

listed in Table S3. The fluorescence was found to increase for most proteins upon binding to the

nanoparticles, reflecting the exposure of more surface amines due to conformational change in

protein  structure.  The  particles  could  react  with  fluorescamine,  but  the  resulting  signal  was

negligible compared to that observed in the protein-particle incubations.  

To  interpret  the  effects  of  particle  properties  on  protein  interactions,  we  focused  on

nanoparticles differing in one property aspect and compared their fluorescence profiles. Figure

2A compared the average normalized fluorescence observed from proteins when incubated with

the  carboxylated PS particles  of  different  diameters.  Fluorescence  profile  comparison of  the

silica particles with varying amination durations before the carboxylation step during synthesis

was  shown  in  Figure  2B.  For  both  the  PS  and  silica  particle  groups,  larger  normalized

fluorescence were obtained with cyt C and hemoglobin, the two proteins with higher pIs than
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others. Hemoglobin is neutral and cyt C is slightly positively charged at pH 8.0, which could

induce stronger electrostatic interaction with the negatively charged carboxylated particles than

the  remaining,  five  acidic  proteins.  While  all  proteins  showed  significant  changes  in

fluorescamine labeling when interacting with the PS particles, the three types of silica particles

did not cause  noticeable  fluorescence increase in most  of  the tested proteins,  except  for the

largest one, thyroglobulin.

To  summarize  the  overall  variations  in  fluorescamine  labeling  on  different  protein-

nanoparticle  pairs,  the  normalized fluorescence  dataset  shown in  Table  S3 was subjected to

principal components analysis (PCA). The free data mining software TANAGRA, developed by

Ricco Rakotomalala,28 was used and the PCA results were exported to Origin and plotted. During

PCA, each repetition (an average of three replicates on plate) of the same protein-nanoparticle

pair was treated as one individual observation; and the proteins were viewed as variables.  The

resulting scores plot  was displayed in  Figure 3.  Interestingly,  the silica particles and the  PS

particles can be differentiated by the first principal component (PC1), which accounts for 74.09%

of the overall variance in the dataset. In addition, the PS particles of different sizes were clearly

separated  from each  other,  with  the  repeated  measurements  on  the  same  particles  clustered

together. The 85-nm PS particles were separated from the two smaller particles by the second

principal  component (PC2).  The two smaller PS particles located at  the same corner on the

scores plot but were still differentiable from each other: they both had hydrodynamic size around

45 nm but differed in their zeta-potentials. Similarly, the two silica particles experiencing longer

amination process located closer to each other on the scores plot, while the one going through

only 1 hr amination was farther away. Our results support that fluorescamine labeling can detect
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protein-particle  interaction  and  the  interaction  profile  is  strongly  dependent  on  particle

properties. 

PCA also calculates the correlation of each variable with each principle component, and the

result is displayed in the form of loading plot (Figure S3 in Supporting Information). The vectors

of fibrinogen, HSA, thyroglobulin, and catalase all aligned with the axis of PC1 with minimal

projection in the dimension of PC 2, indicating their important contribution in determination of

PC1 that differentiated particles based on their core materials. Cyt C, transferrin and hemoglobin

contributed more heavily to distribution along PC2, which differentiated the PS particles by their

sizes. The nanoparticle fluorescence intensity, although small, also contributed to differentiation

between the silica nanoparticles with longer amination times. The longer amination duration may

have left more amines on the surface uncovered by carboxyl groups, yielding higher background

fluorescence.

Fluorescamine assay for detection of protein interaction with non-transparent nanoparticles.

Although  the  above  on-plate  screening method is  rapid,  it  can  only  be  applied  to  optically

transparent  nanoparticles.  In  order  to  use  this  method  on  non-transparent  nanoparticles,

separating  the  particles  from  the  fluorescently-tagged  proteins  is  required  before  signal

acquisition.  To  achieve  this,  a  filter-assisted  enzymatic  digestion  was  used  to  separate  the

resulting peptides from the nanomaterials. Due to the labeling of the lysine and arginine residues,

chymotrypsin  was chosen as  the  digestion  protease.  Tris  was used to  quench the  remaining

fluorescamine prior to digestion.

 IONPs,  possessing  identical  core  diameters  of  10  nm,  were  incubated  with  albumin,

transferrin, or thyroglobulin before fluorescamine reaction and on-filter digestion. One of the
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IONPs was coated with polyethylene glycol (abbreviated as PEG); and the other two were coated

with an amphiphilic surface coating (AMP1 and AMP2). The two AMP-coated IONPs, produced

by the manufacturer under identical  synthetic  conditions,  possessed statistically  similar  sizes

measured by DLS. However, their zeta potentials varied by 20 mV (Table 1). After digestion, the

filtrate was collected for fluorescence analysis. PCA on the fluorescence profiles (Figure S4A,

Supporting Information) showed excellent grouping result on the scores plot, with all three types

IONPs well separated from each other (Figure 4). The first principal component, containing 75%

of the total variance, is sufficient to separate the two AMP-coated IONPs from the PEG-coated

IONPs, due to the difference of surface ligand material and the zeta-potential. The two different

batches of AMP were separated by the 2nd principal component, which accounted for 25% of the

overall variance, owing to their zeta-potential difference. 

The loading plot (Figure S4A) shows that HSA and thyroglobulin were responsible for the

differentiation between the PEG- and AMP-coated particles. Little change in the fluorescence of

these two proteins was observed when bound to the PEG-coated particles, i.e. the normalized

fluorescence close to 1 (Fig S4B). This could be due to the resistance of PEG to protein binding,

which is often used to prevent non-specific adsorptions of proteins on surfaces. But binding of

HSA and thyroglobulin to the AMP-coated particles significantly reduced the quantity of surface

amines accessible for fluorescamine labeling: the normalized fluorescence was lower than 0.4. It

is possible that the electrostatic repulsion between the acidic proteins and the negatively charged

particles required larger interaction surface to stabilize the interaction. 

Interestingly,  the  binding situations of transferrin  to  the  IONPs were quite  different  than

those observed for HSA and thyroglobulin. Interaction with the IONPs exposed more amines on

transferrin to be labeled by fluorescamine, yielding normalized fluorescence values ranging from
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120% to 170%. Significant binding of transferrin to the IONP particles was also observed in our

previous study that screened the protein corona formed on IONP particles.43  Since transferrin is

an  iron  binding protein,  we  speculate  that  it  may target  the  iron  ion  on  the  IONP surface.

Conformational change may be necessary to expose the iron binding site, which also revealed

more amines for fluorescamine labeling.  Between the two AMP particles,  higher increase in

fluorescence occurred to transferrin when it interacted with AMP-2, the particle with a more

negative zeta-potential, making transferrin the differentiation factor for the two AMP particles

shown on the loading plot. This phenomenon agrees with what we observed in Fig. 2 between

the sulfonated and carboxylated PS particles.

Since  the  on-plate  screening  and  the  on-filter  digestion  method  utilized  the  normalized

fluorescence against  the protein-only control,  their  results  should be directly comparable.  To

demonstrate this, we employed all the normalized fluorescence data obtained from the PS, silica,

and IO particles in PCA. In agreement with previous PCA results, clear grouping of the particles

made of different core materials was displayed on the scores plot (Figure S5). The larger, 85-nm

PS particles were well separated from the two smaller PS particles, as were the PEG-modified

IONP from the  ones  coated  by  AMP.  However,  the  three  types  of  silica  particles  were  not

differentiable,  indicating  their  relatively  high  similarity  among  each  other,  compared  to  the

difference among the PS particles or the IONPs.  

Conclusions

Our study  proves  that  fluorescamine  labeling  can  be  used  to  detect  nanoparticle-protein

interaction, because of its capability in targeting the surface amines on proteins. Formation of the

binding interface would block some surface amines from being assessed by fluorescamine; on
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the  other  hand,  protein  conformational  changes  could  expose  buried  amines  to  be  labeled.

Distinct differences in fluorescence post-labeling can be observed before and after incubating the

protein with nanoparticles. Although the exact reason for the fluorescence change can only be

understood by investigations using other analytical tools, our results have demonstrated that the

fluorescamine assay can serve as a rapid screening method for probing the interaction between a

large number of proteins and nanoparticles. The obtained fluorescence profile can be used to

study the relationship between particle property and protein interaction, as well as to determine

batch similarity of the material prior to more expensive, low-throughput characterization. Such

screening  could  be  useful  for  initial  assessment  of  the  biological  activity  and  safety  of

nanoparticles for biomedical applications. 

The technique has limitations in that it is not readily suited for testing particles coated with

amine groups, or proteins low in amine content like ConA and Cyt C, which will offer low signal

changes compared to proteins with a higher degree of amine content. However, such difficulties

could  be  solved  if  fluorogenic  dyes  targeting  different  functional  groups  (such  as  thiol  or

hydrophobic residues) on proteins are employed. In addition, for screening interactions on non-

amine  coated  particles  aiming  to  reveal  changes  in  particle’s  physical  parameters,  suitable

proteins with adequate  amine contents can be chosen to  ensure large  signal  changes can be

observed. 

Nevertheless, follow-up studies are needed for further exploration the applicability of our

method, using proteins and particles with more diverse properties. For example, the method’s

efficacy on screening particle-protein interactions governed by hydrophobic forces is not clear,

since the assay targets amine groups which are involved more in hydrophilic interactions. It will

still be useful, if the binding results in partial unfolding of the protein to reveal the amine groups
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originally  buried inside the tertiary structure of the protein.  More studies using proteins and

particles with more diverse properties are needed in order to answer this question, which should

not be difficult with the high-throughput sampling capability of our method. Once the binding

situations are disclosed by fluorescamine labeling, more detailed studies with techniques that can

reveal the exact degree and type of structural changes in proteins, like CD, can be performed on

specific protein-particle pairs to obtain more insightful information about the interactions. 
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Table and figure captions:

Table 1. Physical parameters of nanoparticles investigated as part of the study, as well as their 

abbreviations in PCA analysis.

Table 2. Comparison of the total number of lysine/arginines, theoretically determined number of 

surface accessible lysines and arginines, and experimentally calculated number of fluorescamine 

binding events for five model proteins.

Figure 1. Fluorescamine fluorescence intensities of proteins incubated in either buffer or 50% 

ethanol to demonstrate increased fluorescamine activity on denatured proteins. Fluorescence 

intensities shown are less the fluorescence of a buffer blank. 

Figure 2. Normalized fluorescence changes of proteins after incubation with either A) 

polystyrene or B) silica nanoparticles. Fluorescence intensities were normalized to the buffer-

only protein fluorescence.

Figure 3. PCA scores plot showing the ability of the fluorescamine assay to differentiate 

between six different particles of varying physiochemical parameters.

Figure 4. PCA scores plot showing differentiation between iron oxide nanoparticles with 

differing surface coatings. Circles – AMP-1, diamonds – AMP-2, triangles – PEG.
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Table 1.

Particle Abbrev.
in 
PCA 

Average 
Hydrodyn.
Diameter 

Average 
Zeta 
Potential

42 nm carboxylated polystyrene (PS) PS-1 42 ± 6 nm -45 mV 

48 nm carboxylated polystyrene PS-2 48 ± 7 nm -87 mV 

85 nm carboxylated polystyrene PS-3 85 ± 7 nm -67 mV 

Silica (Si) particle aminated for 1 hr before carboxylation Si-1 87 ± 18 nm -44 mV 

Silica particle aminated for 4 hrs before carboxylation Si-2 94 ± 16 nm -42 mV 

Silica particle aminated for 24 hrs before carboxylation Si-3 84 ± 12 nm -51 mV 

10nm IONP with an amphiphilic (AMP) polymer coating AMP-1 15 ± 5 nm -48 mV 

10nm IONP with an amphiphilic polymer coating AMP-2 13 ± 3 nm -62 mV 

10nm IONP with a polyethylene (PEG) glycol coating PEG 27 ± 6 nm -17 mV 
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Table 2.

Protein Total 
Lys/Arg

Surface Lys/Arg
(GETAREA) 

Binding events 
(Fluorescamine)

Alpha-1-Antitrypsin 41 28 29.8 ± 0.9

Apolipoprotein A1 37 13 16.4 ± 5.0

Haptoglobin 44 25 24.2 ± 4.4

Serum Albumin 83 37 38.9 ± 1.4

Transferrin 84 34 46.4 ± 2.8
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Figure 1.
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Figure 2.
A)

B)
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Figure 3.
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Figure 4.
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