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Synthetic nanopartciles (NPs) with an intrinsic affinity for specific proteins are of
considerable interest for their potential in biological/biomedical science and
biotechnology.[* 2. 31 In addition to their binding capability, synthetic materials offer the
possibility for controlling binding affinity by external stimuli, including light,
electromagnetic radiation and temperature;[4] a feature that can be used for remote
modulation of capture or release of target proteins in a spatiotemporally controlled manner.
In this communication, we report the synthesis and applications of a multifunctional
polymer NP with selective protein affinity that can be modulated by external stimuli to
“catch-and-release” the target protein.

Synthetic materials that alter their binding affinity to a target molecule in response to an
external stimuli have included photoresponsive synthetic receptors for recognition of ions[®!
and saccharides, (6] temperature-responsive Atisopropylacrylamide (NIPAm) linear polymers
for extraction of atrazine,[’] and temperature-responsive NIPAm-based bulk polymer
hydrogels that reversibly change their affinity to target small molecules.[8] More recently,
the Lyon and Shea groups reported temperature-responsive NIPAm-based polymer NPs that
can change their affinity to doxorubicin,[®l a drug molecule, and melittin, a peptide toxin.[1°]
However, NPs for protein targets have not been reported. Our goal was to design polymer
NPs that possess capability of reversible and temperature-responsive “catch-and-release” of
a target protein from a complex biological sample.

There are two separate but not unrelated requirements to create functional materials that
incorporate both selective protein affinity and a trigger for the capture and release of the
protein cargo. Strong affinity between designed synthetic materials and proteins has been
achieved by incorporating complimentary functional groups into synthetic molecular
scaffolds,[11] liner polymers,[22] dendritic polymers[13] and synthetic NPs.[2: 3. 10] Based
upon our experience with protein and peptide binding to synthetic polymers, we employed
an approach to impart protein binding capability to temperature-responsive NIPAm-based
NPs by incorporating complimentary functional groups toward a target protein. Lysozyme, a
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14 kDa basic protein (pl = 9.3) isolated from chicken egg white, was chosen as the target
protein. Acrylic acid (AAc; negatively charged monomer) and A-fert-butylacrylamide
(TBAm; hydrophobic monomer) were selected as functional monomers to interact with
positively charged and hydrophobic residues of lysozyme. A precipitation polymerization
method, previously reported by Kokufuta,[*4! Lyon[1°] and our group,[31 was employed for
synthesis of a small library of multifunctional NPs consisting of various monomer
compositions (figure 1a and Table 1). The NPs were synthesized by a thermally initiated
free-radical copolymerization of functional monomers and a cross-linking monomer (BIS, 2
mol %) in aqueous solution containing a small amount of sodium dodecy! sulfate (SDS).
Following their synthesis, the NPs were purified by dialysis. Dynamic light scattering (DLS)
established the NP solutions were mono-disperse with hydrodynamic diameters
approximately 80-100 nm (Table 1.).

The binding capability of NPs to lysozyme was evaluated by preincubating lysozyme (5 g/
mL) and NPs (800 pg/mL) in phosphate buffered saline (35 mM sodium-phosphate buffer
containing 150 mM NacCl, pH 7.3). Solutions were then filtered through a Nanosep
membrane filter (MWCO: 100 kDa, Pall Corp.) to filter the NPs and NP-bound lysozyme.
The concentration of free lysozyme in the filtrate was estimated by lysozyme activity
measurements using a Micrococcus lysodeikticus cell suspension.[16] The results of the
binding experiments are summarized in figure 2a. A large decrease in lysozyme activity (>
90%) was observed in the filtrate incubated with NP2 (AAc 5%, TBAmM 40%) and NP3
(AAc 10%, TBAm 40%). These results suggest that bot/1 hydrophobic and negatively
charged groups in the NP contribute to NP-lysozyme capture. We further investigated /in situ
inhibition capability of NPs by measuring lysozyme activity in presence of 800 pg/mL NP2
and NP3 (Figure S1 in supp. information). This experiment established that 800 pg/mL of
NP2 and NP3 inhibited 5 pg/mL of lysozyme. NP2 was particularly effective at inhibiting
lysozyme activity to only a few percent of the initial level. Possible explanations include
blocking access of the active site of lysozyme by NP2 and/or sequestation of lysozyme into
the interior of the polymer network of NP2. Inhibition by NP3 was less pronounced (50%
decrease), even though the binding experiment showed that NP3 can capture the majority (>
90%) of lysozyme from solution. In this case, binding to the NP3 apparently does not
effectively prevent access of the substrate to the active site of lysozyme. It is interesting to
note however, that an increased AAc content does not result in enhanced inhibition of
lysozyme activity. This observation implies that the balance between hydrophobic and
negatively charged groups in the NP is a critical factor in determining the binding and
inhibition capability of the synthetic polymer NPs.

Based on these results, NP2 was selected for further study. Lysozyme activity (5 pg/mL)
was measured in the presence of various concentrations (0-2.0 mg/mL) of NP2. The 50%
inhibition concentration (1Csq) of NP2 was determined to be 73 pg/mL, and near complete
inhibition is observed in the presence of 1.5 mg/mL of NP2 (Figure S2 in supp.
information). Thus a 15- and 300-fold excess of NP2 (in weight) can inhibit half or nearly
all, respectively, of lysozyme in solution. The binding selectivity of NP2 was characterized
by comparing the uptake of lysozyme and four different proteins. As shown in Figure 2b,
0.075 mg and 0.037 mg of lysozyme and avidin were absorbed per mg of NP2, while only
negligible amounts of ovalubmin and ovotransferrin were absorbed by NP2. Under the
condition of the experiment (pH = 7.3), lysozyme (pl = 9.3), avidin (pl = 10.0) and RNAse
A (pl = 8.6) are positively charged, whereas ovalubmin (pl = 4.7) and ovotransferrin (pl =
6.1) are negatively charged. As NP2 is negatively charged at pH 7.4, the strong interaction
between NP2 and the positively charged proteins (lysozyme and avidin) establishes that
electrostatic interactions contribute importantly to the interaction. The greater uptake of
lysozyme over avidin and RNase A might be explained by the difference in hydrophobicity
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of those proteins.[17] These results indicate that NP2 has a certain level of binding selectivity
that arises from a combination of hydrophobic and complementary electrostatic interactions.

We next investigated the feasibility to release bound lysozyme from the NPs by utilizing the
temperature-responsive property of NP2. Below their lowest critical solution temperature
(LCST), NIPAmM-TBAmM copolymers are swollen, highly hydrated and hydrophilic. They are
collapsed and more hydrophobic above their LCST due to a entropically driven dissociation
of water molecules.[18]1 NP2 undergoes a volume phase transition from the collapsed
“hydrophobic” state to a solvent swollen “hydrophilic” state at approximately 11 °C in PBS
(Figure S3 in supporting information).[10. 151 As a consequence, the density of hydrophobic
groups and negatively charged groups per unit volume inside the NP decreases. These
changes can weaken the NP-protein interactions and trigger release of lysozyme. Figure 2c
shows the measured lysozyme activity of the filtrate from each step of the cooling/warming
cycles. As can be clearly seen, NP2 was able to “catch-and-release” lysozyme repeatedly in
a temperature-responsive manner. Furthermore it was possible to recover lysozyme
quantitatively by cooling the samples below the LCST. The process is reversible since the
NPs did not show significant loss of binding capability even after 4 cycles. Most
importantly, the lysozyme activity did not decrease over the repeated “catch-and-release”
cycles indicating that binding to NP2 does not cause denaturation of lysozyme, at least
within the time scale of this study. The circular dichroism spectra of lysozyme did not
significantly change before and after one cycle (Figure S4 in supporting information),
supporting the conclusion that “catch-and-release” does not perturb the structural integrity of
lysozyme.

Finally, we evaluated the applicability of NP2 for purification of lysozyme from chicken egg
whites. The procedure of “catch-and-release” purification is outlined in Figure 3a. The egg
white (diluted 50 times in PBS) and NP2 (2.5 mg/mL) were incubated for 30 min at room
temperature. The mixture was then passed through a filter membrane (MWCO: 100 kDa) at
room temperature. A control experiment was carried out under identical conditions except
for omission of NPs. The proteins in flow-through fractions were analyzed by SDS-PAGE
(Figure 3b, lane 2 and 7). While ovalbumin (45 kDa), ovotransferrin (77 kDa) and
ovomucoid (28 kDa) could be detected in both filtrates, lysozyme (14 kDa) was only
detected in the filtrate of the control experiment. This indicates that NP2 is capable of
selectively capturing lysozyme over other major egg white proteins. Subsequently, the same
membrane filter unit was filled with a fresh PBS solution and incubated for 30 min at 1 °C
to elute lysozyme from the NPs retained on the membrane. Lysozyme was detected in the
cold elution fraction from the NP2, none was detected in the control (Figure 3b, lane 3 and
8). Although a trace amount of ovalbumin was also detected in the cold elution fraction from
NP2, the purity of the sample could be easily improved after an extra cycle of the “catch-
and-release” purification (Figure 3b, lane 5). The amount of recovered lysozyme (based on
enzymatic activity) after the first and second cycles was estimated to be 84% and 79%
respectively. The specific activity of purified lysozyme was 41579 units/mg, which was
comparable to that of a commercially avalible product.

In conclusion, we have demonstrated the potential for multifunctional polymer NPs as
temperature-responsive “catch-and-release” machines for sequestering target proteins.
NIPAm based NPs with various combinations of hydrophobic and negatively charged
monomers were screened for /n situ lysozyme affinity and inhibition capability. NPs with
optimized composition selectively captured lysozyme without denaturation. The protein
could be subsequently released from the NP by simply cooling to 1 °C. These results suggest
that designed multifunctional NPs have the potential for use as tools for the spatiotemporally
controlled capture and release of proteins. This property and the NPs inherent selectivity
was successfully applied for “catch-and-release” purification of lysozyme from chicken egg
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whites. Since NPs with similar composition can selectively capture or release target
peptides!? and proteins in a spatiotemporally controlled manner, we envision this concept
can find utility in a number of areas in biological/biomedical science and biotechnology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) Preparation of multifunctional polymer NPs. APS: ammonium persulfate. SDS: sodium
dodecyl sulfate (b) Schematic illustration of temperature-responsive “catch-and-release” of a
protein by multifunctional polymer NPs. LCST: lower critical solution temperature.
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Figure2.

(a) Depletion of lysozyme (5 pg/mL) from solutions after incubation with NPs (800 jg/mL)
at room temp. (b) Binding selectivity of NP2 at room temp. NP2: 2.0 mg/mL. Protein conc:
200 pg/mL. (c) Temperature-responsive “catch-and-release” property of lysozyme (5 pg/
mL) by NP2 (2.0 mg/experiments are carried out in PBS (35 mM sodium-phosphate buffer
containing 150 mM NaCl, pH 7.3)
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(a) Schematic of “catch-and-release” lysozyme purification from egg whites. (b) SDS-PAGE

analysis of flow-through fraction (FT) and cold elution fraction (CE) after Coomassie

Brilliant Blue R-250 staining. Lane 1 and 6: molecular weight markers. Lane 2: FT from 1st
cycle. Lane 3: CE from 1st cycle. Lane 4: FT from 2nd cycle. Lane 5: CE fraction from 2nd
cycle. A control experiment was carried out in absence of NPs. Lane 7: FT from the control.
Lane 8: CE from the control.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2013 March 05.



Page 8

Yoshimatsu et al.

NIH-PA Author Manuscript

saefaibbe Jo uonewloy 03 anp Ajqewnsald ‘panlasqo Sem JslaLelp Painseswl sy} JO asealdul snonunuo) “ajqestjdde 10N

le]
144 66 4 €L 0¢ S 7dN
ST 68 4 8y oy 0T €dN
96 98 4 €9 or S ZdN
DAL 08 z 85 ov 0 TdN
Sdd ul O°%H ul Sld WVdIN Wwvdl OJVvV
wu / ePwelp diweuApo JpAH % [OW / JUDIUOD JBLUOLO A a|dwres

"SAN 10 Ja1awrelp a1wreuApolpAy pue uonisodwod JSWOUOIA

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2013 March 05.



