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Affinity Analyses on Moldable Optical Polycarbonate
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The integration of molecular analyses within modern media
ACHTUNGTRENNUNGrequires a general approach to display molecular receptors in
three-dimensional space. Current methods include the use of
assemblies of beads (Figure 1A),[1] lithography or nanolithogra-

phy to generate surface microarrays (Figure 1B),[2] or self-as-
sembly processes (Figure 1C).[3] Here we investigate the devel-
opment of arrays by directly molding receptors in plastic (Fig-
ure 1D). This approach offers versatility in the fabrication of
biosensors for both two- and three-dimensional arrays.
To develop this process, we turned to polycarbonate (PC), as

its superior mechanical and optical properties have led to its
general use in laboratory and clinical devices.[4] PC is a thermo-
plastic polymer that is highly transparent to visible light and
provides better optical properties than many types of glasses
as well as high impact (Hardness–Rockwell M70) and tempera-
ture resistance (<130 8C).[5] Most importantly, it can be molded
on a commercial scale by using injection molding and extru-
sion methods.[6]

We began by designing a general strategy to dope receptors
in PC. A motif was required that was soluble in PC, yet would
not be extracted when exposed to aqueous media. Compound
1 was chosen as it contained a tricarbonate tail for retention in
PC (left-hand boxes in Figure 2A), a polyethylene glycol link-
age to deliver the receptor to the surface (center boxes in Fig-
ure 2A), and an amide bond for ligand attachment (right-hand
boxes in Figure 2A). Moreover, spectrophotometric analysis
substantiated a better doping efficacy when using compound
1 in comparison with 2 and 3, as shown in Figure 2B. This
analysis was performed in order to determine the relative
doping efficacy. Milled polycarbonate 100–200 mm resin was
doped from solutions containing 100, 50, 5, 0.5, or 0.1 nm of
1–3. Solutions were filtered after the doping process and ana-
lyzed spectrophotometrically for the uptake of 1–3 in the
resin. The relative uptake was best observed from 0.1 nm of 1–
3. Figure 2B depicts the relative fluorescence intensity of solu-
tions. As shown, compound 1 provides the best doping effica-
cy.
The synthesis of dopant 1 was completed in six steps from

commercially available bisphenol A (4). The synthesis was
begun by applying the methods of Brunelle[7] to prepare oligo-
mer 5. Under high dilution, 5 was converted to 6 by sequential
treatment with methylchloroformate and p-nitrophenylchloro-
formate. The desired poly(ethylene glycol) linkage was then
ACHTUNGTRENNUNGinstalled by coupling 6 to single-molecular-weight azidopoly-
ACHTUNGTRENNUNG(ethylene glycol) 7 to afford 8 (see Scheme 1 and the Support-
ing Information).
A fluorescent sandwich assay with a murine monoclonal an-

tibody (mAb) XRI-TF35,[8] elicited against the 7-dimethylamino-
coumarinacetamide motif, was used to evaluate receptors
arrays developed from 8. For this antibody, receptor-labeled 1
was prepared by Staudinger reduction of azide 8 followed by
peptide coupling to acid 9 (Scheme 1). As designed, the left
side of 1 served to anchor the material in PC, and the right
side provided a ligand to screen surface accessibility.
Doping studies were conducted on commercially-available

Makrolon CD2005 PC milled to 150�50 mm and doped by
shaking 100 mg of resin in 1 mL of 50 nm 1 in ethanol for 2 h,
followed by washing with water or phosphate-buffered saline
(PBS). This protocol was sufficient to prepare resins doped with
standardized concentrations to the limit of detection of 1 by
fluorescence microscopy (~10 nm on Nikon TE 3000 at maxi-
mum excitation at 377�50 nm and emission at 447�60 nm).
The effectiveness of the doping process was evaluated by

screening samples of the doped PC for leaching of 1. After
weeks of incubation in PBS, no significant changes were ob-
served in the intensity of blue light emission from resin doped
with 50 nm 1 (see the Supporting Information) or by examin-
ing the aqueous media spectrophotometrically.
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Figure 1. Strategies for constructing and actualizing affinity based devices.
A) Bead-based methods use sorting to generate, display, and analyze molec-
ular reactions. B) Lithographic methods are implemented to display surface
microarrays and transact analyses on their surface. C) Self-assembled devices
can also be used to develop microarrays. D) Molding of plastics can also be
implemented to display receptor arrays.
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The molecular affinity of the resin was determined prior to
molding by using a dual-color fluorescent antibody sandwich
assay. The experiment was designed such that 1 was analyzed
by using a blue fluorescent channel (Figure 3A). This resin was
then treated with aliquots of the XRI-TF35- and FITC-labeled
anti-mouse antibodies each examined at 3 nm, 30 nm, 0.3 mm,
and 3 mm. Fluorescence from binding of the XRI-TF35 mAb was

determined by hybridization of an equivalent amount of sec-
ondary FITC-labeled anti-mouse IgG (Figure 3C). Compared to
the control resin, g1, a concentration-dependent binding
event was observed as given by an increase in green fluores-
cence light intensity compared to the concentration of XRI-
TF35 mAb (g2–g5, Figure 3C). The DMC 1-doped poly-
ACHTUNGTRENNUNGcarbonate granules that are not treated with either primary or

Figure 2. A) Structures of polycarbonate (PC) and dopant 1 and fluorescent labels 2 and 3. Boxed regions denote function as given by a PC solubilizing
anchor (left), linker (center), and receptor (right), n denotes the number of ethylene glycol units. B) Spectrophotometric analysis depicts the amount of ligand
remaining in the mother liquor after doping 1.0 g of resin with substrate in ethanol (50 nm, 2.0 mL). These plots display the emission scanned at 1 nm resolu-
tion from 380–450 nm under a constant excitation at 350 nm. The ligands 1–3 were taken up in the order of 1>3@2.

Scheme 1. Synthesis of dopant 1. Reagents and conditions: a) i : tert-butyl dimethyl silyl chloride, Et3N, N,N-dimethylformamide (DMF), RT; ii : 4-nitrophenyl-
chloroformate, Et3N, THF, 0 8C; iii : 4, Et3N, THF, 0 8C; iv: tetrabutylammonium fluoride, THF, 73% over four steps. b) MeOCOCl, Et3N, THF, 0 8C to RT, 1.5 h, 83%.
c) p-nitrophenylchloroformate, Et3N, CH2Cl2, 30 min, 96%. d) Et3N, CH2Cl2, 2 h, 88%. e) H2, Pd/C, MeOH, CH2Cl2, 12 h, 88%. f) 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride, 1-hydroxybenzotriazole, DMF, RT, 8 h, 65%.
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secondary antibodies act as the control, g1. The small amount
of green fluorescence observed from g1 in Figure 3C arises
from inherent background fluorescence observed in poly-
carbonate. A comparable background was also obtained in
resin that was not doped with 1. This intensity did not increase
at the limit detection by fluorescence microscopy when the
doped resin was treated with FITC-labeled anti-mouse IgG
(concentrations <30 mm were screened).
We then quantitatively evaluated the assay by using two-

color fluorescent imaging. The fluorescent intensity of samples
shown in Figure 3B and C was sampled from regions of each
resin by using ImageJ.[9] Five random locations in each of the
resins depicted in Figure 3B were recorded by using a rectan-
gle of 20K20 pixels. This procedure was repeated for the
green fluorescent image (Figure 3C) with an identically sized

rectangle and identical positioning. Then, the mean value of
the five points was calculated for each of the samples as well
as for the background. The relative green-to-blue intensity, as
depicted in Figure 3D, confirmed the concentration dependen-
cy of this assay.
With the assay established on resin format, we turned our

attention to using resin g5 to mold objects containing small
regions of the reporter 1. Samples of the granules in g5 were
sprinkled on the top of a cylindrical mold loaded with PC and
pressed to form a lens (see the Supporting Information). Upon
repeating the dual-color fluorescent analysis, regions that ap-
peared on the surface of the lens (g5*, Figure 4) reacted posi-
tively to the binding of the green fluorescent antibody com-
plex, while regions within the PC (g5, Figure 4) did not uptake
the antibody complex. The entire lens pressing and analysis

Figure 3. Polycarbonate resin-based, antibody-based sandwich assay. A) Dual-color fluorescent analysis on doped PC resins depicting the binding of a primary
XRI-TF35 mAb to the 7-dimethylaminocoumarin-acetamide label in resin-bound 1. The affinity event was visualized by examining the complexation of a sec-
ondary FITC-labeled anti-mouse IgG mAb. B) Fluorescent image collected with excitation at 377�50 nm and emission at 447�60 nm of five resins by using
a BrightLine DAPI-5060B filter set. g1 denotes a granule doped with 50 nm 1 that was not treated with the XRI-TF35 primary mAb. g2–g5 denote granules
doped with 50 nm 1 and treated with various concentrations of primary mAb and secondary FITC-labeled anti-mouse IgG mAb. The concentration of the pri-
mary mAb was given by 3 nm in g2, 30 nm in g3, 0.3 mm in g4, and 3 mm in g5. The mAb was also treated with the same amounts of secondary FITC-labeled
anti-mouse IgG. C) Fluorescent image of the same resins as in (B) collected with excitation at 500�24 nm and emission 542�27 nm by using a BrightLine
YFP-2427A filter set. An asterisk denotes inadvertent fluorescent debris arising during the transfer of resin to the glass slide. Scale bars=100 mm. D) A plot
ACHTUNGTRENNUNGdepicting the relative fluorescence at different wavelengths for each resin g1–g5.
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process was repeated three times with deviations in the inten-
sity of spots on the surface of within 5% when prepared by
hand. This deviation can be profoundly reduced upon automa-
tion, as already established for a wide range of mass-produced
polycarbonate objects, including compact discs.[5]

These experiments now provide a means to engineer active
receptor arrays on three-dimensional polycarbonate objects by
using conventional thermal molding. The method is practical
and requires minimal cost and effort to design and implement.
This method, as illustrated by the pressing of a lens in
Figure 4, can be used to manufacture optical devices contain-
ing patterns of fluorescent materials or reporters for subse-
quent analyses. Such components can provide an affordable
means to allow optical components to become part of an
ACHTUNGTRENNUNGanalytical system. Efforts are underway to deliver optimized
systems with reactive labels to attach and screen biologically
relevant affinity events.
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