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Abstract: Thioalkyl and thioalkylated oligo(ethylene glycol) (OEG) ligands with chain-end functionality were
used to fabricate water-soluble CdSe nanoparticle scaffolds. Surface recognition of chymotrypsin (ChT)
was achieved using these functionalized nanoparticle scaffolds, with three levels of interaction demon-
strated: no interaction (OEG terminated with hydroxyl group), inhibition with denaturation (carboxylate-
terminated thioalkyl ligands), and inhibition with retention of structure (carboxylate-terminated OEG). The
latter process was reversible upon an increase in ionic strength, with essentially complete restoration of
enzymatic activity.

Recognition of protein surfaces using synthetic receptors is canoic acid (MUA) functionalized gold nanopatrticles to target
an effective strategy for regulating proteiprotein and proteir o-chymotrypsin (ChT) through electrostatic interactions between
substrate interactiodsThe successful development of these the anionic particle surface and the cationic “hot spot” around
receptors provides access to new classes of enzyme inhibitors,the ChT active sité’ Binding of the particles resulted in
protein antagonistsand diagnostic biosensot3hese receptors  enzymatic inhibition, followed by denaturation of ChT, presum-
can also be used to mintiand interrupt protein—protein and ably due to hydrophobic interactions with the alkyl interior of
proteinr-DNA/—RNA interactions. However, the design of the monolayer. The MUAAu system and other recently
artificial scaffolds for specific recognition is complicated by reported synthetic receptdfsbind irreversibly to the target
the large interfacial area required § nn? of surface area is  protein and destabilize or denature the native structure of the
typically buried in proteir-protein interactiof) and by the protein. However, there is a need to retain the native structure
complex topolog¥ of hydrophobic® electrostatid? and polar upon protein binding in applications such as in vivo protein
residues located on the protein surface. delivery!® and in vitro enzyme stabilizatiofd. Also, effective

Monolayer-protected colloidal nanoparticles provide a ver- templation of monolayets to protein surfaces will require
satile scaffold for protein surface recognition due to their size retention of native protein structure.

(commensurate with proteins), the ability to tailor monolayer =~ We have explored the use of oligo(ethylene glycol) (OEG)
surfaces with a wide range of functionalitidsand the tem- terminated monolayers to provide access to noninteracting
platability of the surface monolayét.Furthermore, the utility particles as well as systems featuring controlled protein surface
of these particles is enhanced by the range of core materialsinteractions’! We report here the design of functional ligands
available, including metal, semiconductor, or oxide core materi- composed of thioalkylated OEG with chain-end recognition
als that exhibit useful electronié fluorescencé? and magnetic elements and the use of functionalized nanopatrticle scaffolds
properties'> In our previous work® we used mercaptounde-  (13) shipway, A. N.; Katz, E.; Willner, IChemPhysCher200Q 1, 18-52.
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Figure 1. Ligands used for CdSe nanopatrticles, and schematic depiction of proi@noparticle interactions.

to target chymotrypsin. Three levels of control over ChT aiding in the retention of protein structure. Third, the combina-
structure and function were achieved with these surface func-tion of protein binding with retention of its structure and the
tionalized particles (Figure 1): (a) binding and denaturation with subsequent release of the protein makes the nanoparticle

MUA-NP, (b) no binding with 1-NP, and (c) binding and
retention of the protein structure wig:NP.

Results and Discussion

Fabrication of Nanopatrticle Scaffolds.CdSe nanoparticles
featuring a 3.2+ 0.3 nm coré® were functionalized with
thioalkylated tetra(ethylene glycol) (EG4) ligantiend2 and
MUA to give water soluble CdSe particle$-NP, 2-NP, and

MUA-NP, respectively) through a facile ligand exchange

reaction (see Supporting Information). Ligaddfeatures a
neutral hydroxyl end group and is generally bioirfélthough

no charges are present on the surfdc&|P is highly water-
soluble?* The terminal carboxylate functionality i2-NP acts

scaffolds promising for protein delivery and protein modifica-
tion 2% Finally, the similar solubility and reactivity of these thiol
OEG ligands make one-pot ligand exchange possible on both
CdSe and Au nanoparticles. As the use of CdSe-based nano-
particles as fluorescent tags for bioimaging is a topic of
considerable current intereStpur system provides a model to
better understand and control the interactions between CdSe
nanoparticles and proteins.

ChT Activity Assays. The formation of ChFnanopatrticle
complexes through charge complementarily was first confirmed
by gel electrophoresis experiments (Figure 2a). No migration
was observed fod-NP, which is consistent with its neutral
surface functionality. Upon addition of ChT, mobility shifts of

as the recognition element, targeting the cationic patch sur-the charged NP species (MUA ariNP) were observed,
rounding the active site of the ChT surface via charge comple- attributed to both an increase in size and an attenuation of the
mentarity. Integration of OEG and recognition functionalities Particle surface charge due to ChT binding and complex
into the same ligand molecule is interesting from several formation. At a 4:1 ratio of ChT:nanoparticle, a fraction of

perspectives. First, the resistance of nonspecific protein adsorp-u”bc_’u"“jz"\‘':’lzs’vas observed in the gel (line 7 of Figure 2a). In
tion by OEG should increase the biospecificity of the recogni- Prévious work,®complete inhibition of ChT using 6 nm MUA

tion, as has been shown on 2D surfa#e®.Second, highly

Au scaffolds was observed at a ChT:nanoparticle binding ratio

hydrophilic OEG spacer prevents hydrophobic interactions of 4:1. The curren2-NP scgﬁold diameter is larger than the
between proteins and the hydrophobic monolayer interior, thus MUA-Au system by approximately 4 nm (3 nm CdSe cere

(22) Aldana, J.; Wang, Y. A.; Peng, X. G. Am. Chem. So2001, 123 8844~
8850. Peng, Z. A.; Peng, X. G. Am. Chem. So001 123 183-184.

(23) For chemical reactivity of these systems, see: Pathak, S.; Choi, S. K.

Arnheim, N.; Thompson, M. El. Am. Chem. So2001, 123 4103-4104.

~7 nm for the G; alkyl-EG4 chain), with a concomitant
increase in surface area of3-fold. Addition of ChT in

_incremental steps (Figure 2b) shows that no free nanoparticles

" are seen at ChZ:NP ratios greater than 12:1, consistent with
(24) Most of the previously reported water soluble semiconductor nanoparticles

present charge on the surface. See: Mattoussi, H.; Mauro, J. M.; Goldman, (26) Mrksich, M.; Grunwell, J. R.; Whitesides, G. M. Am. Chem. Sod995
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Am. Chem. So00Q 122 12142-12150. Willard, D. M.; Carillo, L. L.;
Jung, J.; Van Orden, ANano Lett.2001 1, 469-474. Wang, S. P,;
Mamedova, N.; Kotov, N. A.; Chen, W.; Studer,Nano Lett.2002 2,
817-822. Reference 25c.

(25) Mrksich, M.; Whitesides, G. M. IiRoly(ethylene glycol): Chemistry and
Biological Applications Harris, M. J., Zalipsky, S., Eds.; American
Chemical Society: Washington, DC, 1997; pp 3®I3. Kane, R
Deschatelets, P.; Whitesides, G. Mangmuir2003 19, 2388-2391 and
references therein.
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Figure 2. Gel electrophoresis of ChT and nanoparticles. (a) Nanoparticle w 0.4
interactions with ChT, before and after protein staining. ChT:nanoparticle E '
ratios were held constant at 4:1 ([Ch¥ 50 uM; [nanoparticle]= 12.5 02
uM). (b) Determination of binding stoichiometrg-NP concentrations were '
varied at a constant ChT concentration (88), while MUA concentrations 0.0
were held constant at 6/M at various ChT concentrations. Results after 20% 35% 65% 100%(2-NP)
protein staining for these two gels are provided in the Supporting Functionality (Ligand 2 coverage)
Information. Figure 5. Normalized activity of ChT (3.2:M) with MMNPs and2-NP
(0.8 uM).

our predictions. The narrow band observed for the €BNP
complex indicates the formation of discrete complexes, as

. 2-NP concentrations reveal that the inhibition is efficient, with
opposed to extended Chhanoparticle aggregates. From

similar experiments, the binding ratio of ChT to MGMP is an 85% inhibition of ChT activity observed at a ChT:nanopar

. i o . . ) ticle ratio of 12.5. Further increase NP concentration does
approximately 6:1, which is also consistent with the size of the o . L
MUA-NP scaffold (3 nm CdSe core 4 nm for G monolayer, nqt S|gn|f|(.:an.tly increase the degree of inhibition, in agr.eement
resulting in a~50% increase in surface area). with the binding ratio obtained from gel electrophoresis.

The binding of ChT to nanoparticles decorated with terminal 1€ relative coverage of EG4arboxylic acid functionality
carboxylates (MUANP and2-NP) resulted in the rapid and ~ (ligand 2) had a significant impact on the potency of the
essentially complete inhibition of ChT hydrolysishfsuccinyl- inhibition. Nanoparticles featuring mixed monolayers composed
L-phenylalanings-nitroanilide (SPNA; Figure 3). In contrast, Of ligands1 and2 (MMNPs) were synthesized via a one-pot
1-NP had no effect on the activity of ChT, demonstrating that ligand-exchange reaction. The percentage of EG@OOH
protein adsorption on the EG4 surface is unfavorable. ligand2 was varied from~20% (MMNP1) to~35% (MMNP2)

The inhibition by MUANP (CdSe) is very similar to that of ~ t0 ~65% (MMNP3) (see Supporting Information). As shown
the previously reported MUAAuU system. This confirms the  in Figure 5, an increased density of carboxylic acid ligénd
critical role of a particular ligand environment to control the results in more efficient inhibition. These results suggest that a
properties of multiple nanoparticle compositions. As expected high density of functionality is required for effective protein
from electrophoresis experimen®sNP also efficiently inhibited surface bindind, as opposed to specific ligand recognition,
ChT activity (Figure 4). Further activity assays by using different which requires much lower functionality coveraife.

J. AM. CHEM. SOC. = VOL. 126, NO. 3, 2004 741



ARTICLES

360 -
365 -
m ChT
T 301 ® ChT + MUA-NP
£ O ChT + 1-NP
& 345 - A ChT +2-NP
<
340 -
335 -
’I’,_J———’I/"
330 T T T v T T

T T T

T T
10 15 20 25

Time (hours)

Figure 6. Tryptophan fluorescence of ChT (32M) and ChT with
nanoparticles (0.&M). Trend lines were added to guide the eye.
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Figure 7. CD of ChT (3.2uM) and ChT with nanoparticles (0:8M) after
24 h incubation.

Conformational Analysis. The structure of ChT upon
binding nanoparticles was monitored by both tryptophan
fluorescence and circular dichroism (CD). As shown in Figure
6, a red shift in the ChT fluorescence maximum20Q nm in
24 h) was observed upon incubation of ChT with MUA-NP.
The red shift is attributed to the exposure of tryptophan residues
to more polar environments as a consequence of protein
denaturatior?? Essentially no red shift of ChT was observed
with 1-NP, indicating no interaction between ChT and the
bioinert monolayer ofl-NP. As hydroxyl-terminated nanopar-
ticles have been shown not to bind to céflspur findings
provide molecular “resolution” of this behavior. Importantly,
although2-NP inhibits ChT enzymatic activity, only a negligible
red shift in the ChT fluorescence maxima was observed, which
is in sharp contrast to that of ChT incubated with MP.
These results suggest retention of the ChT native structure,
which we attribute to the ability of the EG4 spacer to prevent
hydrophobic interactions between ChT a2«NP.

Circular dichroism (CD) provides more detailed insight into
the effect of nanoparticle binding on the secondary structure of
ChT (Figure 7). As expected, no change in the CD spectrum of
ChT was observed with EG40OH-terminted particlel-NP,
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Figure 8. Time-independent inhibition of ChT b3-NP at different ChT:
nanoparticle ratios ([ChTF 3.2 uM).

observed previously with the Au analogtfehinding of ChT
by MUA-NP resulted in a time-dependent loss of the charac-
teristic minimum at 232 nrf® and a blue shift of the minimum
at 204 nm. In contrast, very little change in the CD spectrum
of ChT occurred with the ChT-inhibiting particl2-NP over
the same time frame. The retention of the ChT structure with
2-NP upon binding is consistent with inhibition of ChT ByNP
through spatial blocking of the active site via electrostatic
interactions, as opposed to the loss of activity due to denaturation
or other major structural changes as observed with MURA
Protein Release Using Increased lonic Strength.To
determine the potential suitability @NP for delivery applica-
tions, the inhibition of ChT by-NP was monitored at different
ratios of ChT and2-NP over 12 h (Figure 8). The inhibition
was determined to be time-independent, in contrast to the
previously reported two-step inhibition by the MUAu
systemi® This time-independent inhibition, coupled with our
spectroscopic studies, suggests the binding is driven primarily
by electrostatic interactions and involves very little hydrophobic
interactions. Consistent with this hypothesis, the binding of ChT
to 2-NP was found to be highly reversible. As shown in Figure
9a, when the ionic strength of the buffer was increased to 100
mM (using NaCl),2-NP shows no inhibition of ChT activity.
However, a certain degree of inhibition was observed by MUA
NP, suggesting a role of hydrophobic interaction in the binding.
In fact, essentially complete restoration of the activity of ChT
inhibited by 2-NP was achieved through disruption of the
electrostatic interactions through increased ionic strength (Figure
9b). In this experiment, a NaCl stock solution was added to a
preincubatedx 1 h) solution of ChT an@-NP. The enzymatic
activity of ChT was recovered as the ionic strength of the
solution was increased, resulting in an essentially full recovery
at a NaCl concentration of 100 mM. The rescue of the ChT
activity is consistent with the release of protein from thsP
surface as a direct result of attenuating the electrostatic
interactions between ChT aridNP.

Conclusions

In summary, we have demonstrated control over both protein
structure and function through surface recognition by tailored
nanoparticle scaffolds. Using alkanethi@arboxylate func-
tionalized MUA-NP, binding, inhibition, and denaturation of
ChT were observed. The tetraethylene glycol spacer between

further demonstrating the bioinert nature of this surface. As ¢ alkyl chain and recognition element B¥NP allowed

(28) Roberts, C.; Chen, C. S.; Mrksich, M.; Martichonok, V.; Ingber, D. E.;
Whitesides, G. MJ. Am. Chem. S0d.998 120, 6548-6555.

(29) Ladokhin, A. S. IrEncyclopedia of Analytical Chemistrifleyers, R. A.,
Ed.; John Wiley & Sons Ltd.: Chichester, U.K., 2000; pp 57#6279.
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reversible electrostatic interactions between the particle and

(30) Cantor, C. R.; Timasheff, S. N. [Fhe ProteinsVol. V; Neurath, H., Hill
R. L., Eds.; Academic Press Inc.: New York, 1982; pp 4365.
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Figure 9. Reversibility of ChT binding t®-NP. (a) The ionic strength of
ChT solution was increased by adding NaCl stock solution to the desired
concentration before adding nanoparticle solution; (b) ChT was incubated
with nanoparticles in normal 5 mM phosphate buffer fb h before
increasing the ionic strength.

3.4.21.1) and SPNA were purchased from Sigma. All the other
chemicals were obtained from Aldrich. All the solvents were purchased
from VWR and were used as received unless specified otherwise.

Activity Assays. Enzymatic activity assays were preformed using a
microplate reader (EL808IU, Bio-Tek Instruments, Winooski, VT). All
the experiments were performed in 5 mM sodium phosphate buffer at
pH = 7.4 with [ChT] = 3.2 uM, [nanoparticle]= 0.8 uM unless
otherwise specified. The enzymatic hydrolysis reaction was initiated
by adding a SPNA stock solution (18.) in EtOH to a preincubated
ChT—nanoparticle solution (185L) to reach a final SPNA concentra-
tion of 2 mM. Hydrolysis of SPNA was monitored for @0 min at
405 nm. The assays were performed in duplicates or triplicates, and
the averages are reported. The standard deviation was usually less than
10%.

Electrophoresis. Agarose gels were prepared in 5 mM sodium
phosphate buffer at 1% final agarose concentration. Appropriately sized
wells (40uL) were formed by placing a comb in the center of the gel.

A ChT stock solution of 10tM in 5 mM sodium phosphate buffer
(pH 7.4) was used to prepare gQ samples at the appropriate ChT:
nanoparticle ratios. After a 30 min incubation period at room temper-
ature, 3uL of 80% glycerol was added to ensure proper well loading
(30 uL,) and a constant voltage (100 V) was applied for 30 min for
sufficient separation. Gels were placed in staining solution (0.5%
Coomassie blue, 40% methanol, 10% acetic acid aqueous solution) for
1 h, followed by extensive destaining (40% methanol, 10% acetic acid
aqueous solution) until protein bands were clear. Gels were scanned
on a flatbed scanner both prior to and after staining to separately
visualize particle and ChT bands.

Fluorescence and CD.For fluorescence experiments, ChT was
excited at 295 nm, and the emission was recorded from 300 to 450 nm
on a Shimadzu RF-5301 PC spectrofluorometer, using 10 mm quartz
cuvettes. CD experiments were performed on a Jasco J-720 spectrom-
eter, using a quartz cuvette wia 1 mmpath length. Three scans were
taken for each sample from 190 to 250 nm at a rate of 20 nm/min. All
the experiments were performed at a constant temperature &€ 20
with a 5 min equilibration before the scans. All the fluorescence and

protein, but prevented the hydrophobic interactions between ChTCD experiments were performed in identical conditions as activity

and the alkyl interior of the monolayer. As a result, efficient
reversible inhibition was observed without protein denaturation.

The binding can be tuned by either varying the percentage of

assays (5 mM sodium phosphate buffer, pH 7.4; [CKTB.2 uM,;
[nanoparticle]= 0.8 uM).

the recognition elements on the particles or increasing the ionic  acknowledgment. This research was supported by the

strength of the solution. Finallyl-NP, lacking the carboxylate
recognition element, was inert to protein interaction. Overall,

we have demonstrated that incorporation of OEG and recogni-
tion elements onto monolayer protected nanoparticles provides

a versatile scaffold to bind biomolecules. The reversibility of
the bound protein i”2-NP systems provides new opportunities
for protein stabilization, modification, and delivery; further
explorations of these applications are underway.
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