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The  interface  between  the  nematic  liquid  crystal,  4-cyano-4′-pentylbiphenyl  (5CB)  and  water  within
a  transmission  electron  microscopy  (TEM)  grid  cell coated  with  the  pH-dependent  weak  cationic
amphiphilic  block  copolymer  poly((4-cyanobiphenyl-4′-oxyundecylacrylate)-b-((2-dimethyl  amino)
ethyl  methacrylate))  (LCP-b-PDMAEMA)  (which  was  successfully  synthesized  by  reversible  addition-
fragmentation  chain  transfer  (RAFT)  polymerization)  was  subsequently  evaluated  for  protein  and
deoxyribonucleic  acid  (DNA)  detection.  The  LCP-b-PDMAEMA  monolayer  was fabricated  using a  Langmuir
Blodgett  trough,  transferred  to  the  5CB-filled  TEM  grid,  and  placed  on  the  octadecyltrichlorosilane-coated
glass (TEMPDMAEMA) in  such  a  way  that  the  LCP  chains  were  immersed  in  the  5CB  while  the  PDMAEMA
chains  were  pointed  away  from  the 5CB  surface  and  immersed  in  water.  Several  model  proteins  such  as
bovine  serum  albumin  (BSA),  hemoglobin  (Hb),  and  chymotrypsinogen  (ChTg)  were  tested  at  pH  values
ranging  from  2 to 12  to  determine  the  role  of  the  charge  state  of  the  protein  on  protein  detection  by  a  weak
polyelectrolyte  such  as  PDMAEMA.  PDMAEMA  contains  cationic  and  neutral  states  below  and  above  the
pKa value,  respectively,  and  is  thus  able  to  absorb  proteins  below  its  pKa  threshold  through  electrostatic
interactions.  BSA  exhibited  a homeotropic  to planar  (H–P)  change  in  orientation  within  the TEMPDMAEMA

grid  cell  at  concentrations  greater  than  0.02 wt%  within  the pH range  between  the  isoelectric  point  (pI)  of
BSA  and  the  pKa  of  PDMAEMA,  where  the  charge  states  of  BSA  and  PDMAEMA  were  negative  and  positive,
respectively.  However,  this  change  in orientation  did  not  occur  with  other  proteins  that  exhibited  a  pI
higher  than  the  pKa  of  PDMAEMA  due  to the electrostatic  repulsions  resulting  from  their  same  cationic
charges.  This  result  indicates  that  the electrostatic  interactions  between  proteins  and  PDMAEMA  are  a
major contributing  factor  for protein  detection  by  the  H–P  transformation  within  the  TEMPDMAEMA grid
cell.  DNA,  a pH-independent  strong  anionic  polyelectrolyte,  was  also  tested  with  the  TEMPDMAEMA grid
cell,  and  it exhibited  an H–P  transformation  at the  charged  state  of PDMAEMA  below  its pKa  threshold

at  concentrations  higher  than  0.01 wt%. Thus,  we demonstrated  that  the TEMPDMAEMA grid  cell  effectively
facilitated  the  detection  of negatively  charged  biomaterials  (i.e.;  protein  and  DNA)  through  the  H–P trans-
formation  using  the  polarized  optical  microscope.  This  simple  and  inexpensive  experimental  set-up  for
non-specific  biomaterial  detection  lays  the  basic  groundwork  for  developing  effective  biosensors  using
polyelectrolytes.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction
The scientific community has shown considerable interest in
he synthesis of block copolymers over the past decade due to

∗ Corresponding author. Tel.: +82 53 950 5630; fax: +82 53 950 6623.
E-mail address: psy@knu.ac.kr (S.-Y. Park).

ttp://dx.doi.org/10.1016/j.colsurfb.2014.06.028
927-7765/© 2014 Elsevier B.V. All rights reserved.
their various applications in both academic and industrial settings.
Monomers bearing specific properties are often incorporated into
block copolymers to tailor their end applications. Block copolymers
containing a polyelectrolyte block carrying ionizable groups with

electrostatic charges have been widely studied and incorporated
into sensors [1–4]. In polar solvents (e.g., water) these ionizable
groups can dissociate into charged groups on the polymer chains
while releasing counter ions into the solution. Polyelectrolytes can

dx.doi.org/10.1016/j.colsurfb.2014.06.028
http://www.sciencedirect.com/science/journal/09277765
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e classified into strong or weak polyelectrolytes according to the
ature of the ionic groups. A strong polyelectrolyte is in the ionized
tate regardless of the pH of the solution, while the ionized state of a
eak polyelectrolyte is dependent on the pH of the solution. A weak

nionic polyelectrolyte is deprotonated to the anionic state when
he pH of the solution is higher than the pKa of the polyelectrolyte,
nd a weak cationic polyelectrolyte is protonated to the cationic
tate when the pH of the solution is lower than the pKa of the
olyelectrolyte. The conformation of the polyelectrolyte primar-

ly depends on the electrostatic interactions between the charged
roups of the polyelectrolyte. Highly charged polyelectrolytes lead
o an increase in osmotic pressure, which causes the chains to adopt
n expanded, rigid, rod-like conformation [5–9]. Therefore, the pH
f the solution also controls the chain conformation through pro-
onation (or deprotonation) of weak polyelectrolytes.

Polyelectrolytes have always been crucial for sensors which
re designed to detect electrostatically charged analytes such as
oxic inorganic ions [10–12], proteins [2,3], or deoxyribonucleic
cid (DNA) [13]. Previous reports confirm that block copoly-
ers in which a polyelectrolyte block is covalently bonded to a

on-polyelectrolyte block may  exhibit other useful properties in
ddition to self-assembly at the nanoscale in bulk and in solution.
or example, an ordered nanoporous membrane comprising
P4VP-b-PS (where QP4VP and PS refer to quaternized poly(4-
inylpyridine) and polystyrene, respectively) has been utilized in
he separation of similarly sized proteins [14], while a compos-
te material comprising carbon nanotubes containing the weak
olyelectrolyte poly(2-hydroxyethyl methacrylate)-b-poly(2-
dimethylamino)ethyl methacrylate) (PHEMA-b-PDMAEMA) has
een utilized in the immobilization of hemoglobin for the fabri-
ation of electrochemical biosensors [3]. For protein biosensors,
ither labeled-probe or label-free strategies have been employed
n the generation of signals. The former strategy involves labeling
he analytes with species such as radioisotopes or fluorescent dyes
15], while the latter strategy relies on the inherent properties
f the analyte that are directly measurable, such as the mass
r dielectric properties [16]. Analytical methods such as Fourier
ransform infrared (FT-IR) spectroscopy [17], fluorimetry [18],
nd high-performance liquid chromatography (HPLC) [18,19]
ave been previously utilized for the detection of proteins. While
hese methods are typically quite accurate, they often require
omplex procedures for sample preparation. Thus, the rapid and
eliable detection of proteins is still a challenge that has yet to be
ddressed.

Biosensors based on liquid crystal (LC) are rapid and effective
etection tools that utilize a label-free strategy and have subse-
uently attracted much attention in recent years [20–27]. Because
f their high sensitivity and rapid response with respect to orien-
ation, small-molecule LCs are an attractive medium for detecting
hemical/biochemical events occurring at an interface as a result of
ptical changes that can be viewed with the aid of a polarized opti-
al microscopy [28–31]. An optical change can occur as a result of a
hange in orientation of the LCs from vertical to parallel alignments
t the water/LC interface upon adsorption of biomaterials [32]. The
ertical and parallel alignments are referred to as homeotropic
nd planar orientations, respectively. LC-based biosensor systems
ypically employ small receptor molecules mixed with the LCs.
owever, upon mixing the polyelectrolyte with small LC molecules,
hase separation occurs due to the thermodynamic incompati-
ility between the two compounds. However, this phenomenon
ould be overcome by the block copolymerization of the polyelec-
rolyte with another block that is more compatible with the small

C molecules. The most compatible block may  be a liquid crystal
olymer (LCP) that possesses the same mesogenic groups in the
ide chains with LC molecules. Since the polyelectrolyte-b-LCP can
ead to micelle formation in the selected solvent (e.g. water), a
Biointerfaces 121 (2014) 400–408 401

facile strategy for incorporating the block copolymer into the LC
molecules is to transfer the block copolymer monolayer, which
was produced using a Langmuir Blodget (LB) trough, to the LC sur-
face [33]. This method has advantages over the existing method
of mixing receptor molecules with small LC molecules because the
properties of monolayer can be easily controlled by adjusting the
density of the receptor macromolecules per unit area [24].

In this report, an amphiphilic diblock copolymer, poly(4-
cyanobiphenyl-4′-oxyundecylacrylate-b-((2-dimethyl amino)
ethyl methacrylate)) (LCP-b-PDMAEMA) was synthesized through
reversible addition fragmentation chain transfer (RAFT) poly-
merization where LCP is compatible with the used LC molecules,
4-cyano-4′-pentylbiphenyl (5CB, nematic at room temperature)
and PDMAEMA is a weak cationic polyelectrolyte. The LCP and
PDMAEMA blocks of the block copolymer function as a transducer
and a bio-receptor, respectively, at the LC/water interface by trans-
ferring this monolayer onto the 5CB of the TEM grid. The TEM grid
cell was  then evaluated for protein and DNA detection at various
pH values and solution concentrations to determine the sensitivity
and the possible detectable pH range for the homeotropic to planar
(H–P) change in orientation.

2. Experimental

2.1. Materials

The DMAEMA monomer (Sigma–Aldrich) was purified by pass-
ing through an alumina column to remove any inhibitor present
in the sample, while azobis(isobutyronitrile) (AIBN, Junsei) was
recrystallized from methanol. 5CB, hexane, octadecyltrichlorosi-
lane (OTS), phenylmagnesium bromide, tetrahydrofuran (THF),
4-cyano-4′-hydroxybiphenyl, 11-bromo-1-undecanol, methanol,
potassium hydroxide, acryloyl chloride, triethylamine, carbon
disulfide, methyl �-bromophenylacetate, hexane/diethyl ether,
anhydrous magnesium sulfate, DNA, bovine serum albumin (BSA),
hemoglobin (Hb), and chymotrypsinogen (ChTg) were purchased
from Sigma–Aldrich at the highest available purity and used as
received. All water used in this study was purified using a Milli-
pore Milli-Q system and the resistivity was  less than 16 M� cm.  pH
buffer solutions were purchased from Samchun© (Korea) and used
as received. Copper specimen grids (G75, with a grid hole width of
285 �m,  a pitch of 340 �m,  a bar width of 55 �m,  and a rim width
of 0.225 mm)  were supplied by Gilder Grids (United Kingdom).

2.2. Synthesis of the chain transfer agent and the LC monomer

The chain transfer agent (CTA) S-methoxycarbonylphenyl-
methyl dithiobenzoate (MCPDB) was prepared by following the
procedure developed by Perrier et al. [34,35], and the overall
scheme is detailed in Supplementary Information (SI) Scheme 1.
A solution of phenylmagnesium bromide (3.49 mL)  in THF (28 mL)
was heated to 50 ◦C and carbon disulfide (1.58 mL,  26.0 mmol)
was added to the solution dropwise over approximately 20 min
to produce a dark brown solution. Methyl �-bromophenylacetate
(1.37 mL,  8.7 mmol) was then added to the solution, and the reac-
tion temperature was raised to 80 ◦C and maintained for 13 h. Ice
water (∼100 mL)  was then added to the solution to immediately
terminate the reaction and remove any water-soluble byprod-
ucts. The solution was  then transferred to a separating funnel and
diethyl ether (∼100 mL)  was  added to the solution. The solution
was shaken and then separated into two immiscible layers consist-

ing of aqueous (containing THF) and diethyl ether solutions after
20 min. The diethyl ether solution was  subsequently extracted from
separating funnel. The combined organic extracts were then rinsed
with water and dried over anhydrous magnesium sulfate. After the
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Scheme 1. Synthesis of LCP-b-PD

olvent was removed, column chromatography was  performed
sing a dichloromethane and n-hexane mixture (2/1, v/v) to pro-
uce an orange red oil (52.4%).

An LC monomer, LC11, was prepared following a previously
eported procedure [36,37]. LC11 monomers were synthesized
hrough the etherification of 4-cyano-4′-hydroxybiphenyl (4.02 g,
0.62 mmol) and 11-bromo-1-undecanol (5.23 g, 20.80 mmol).
1-Bromo-1-undecanol was added dropwise to a solution of
-cyano-4′-hydroxybiphenyl and potassium hydroxide (1.38 g,
4.67 mmol) in methanol (40.01 mL), and the mixture solution was
hen heated under reflux for 25 h. After refluxing, the product was
ecrystallized twice from methanol (yield 65%) and subsequently
reated with acryloyl chloride (0.23 g, 2.45 mmol) and triethy-
amine (0.40 mL,  2.84 mmol) to yield a mesogenic monomer as can
e seen in Scheme SI 2. After being stirred for 16 h at room temper-
ture, the LC11 was purified by recrystallizing twice from methanol
yield 45%) [35]. Figs. SI 1 and SI 2 display the NMR  spectra of MCPDB
nd LC11, respectively. Every peak could be assigned to the pro-
ons of both compounds with respect to position and integrated
rea; the detailed assignment information is provided in the figure
aptions.

.3. Synthesis of macroinitiator

The macroinitiator, MCPDB-terminated poly(4-cyanobiphenyl-
′-oxyundecylacrylate) (LCP-MCPDB) was synthesized through
AFT polymerization. LC11 (419.25 mg,  1 mmol), MCPDB (CTA)
12.68 mg,  0.042 mmol), and DMF  (1.54 mL)  were added to a grad-
ated vial and dry nitrogen for bubbled through the solution for
0 min. AIBN (1.72 mg,  0.011 mmol) was placed in a Schlenk flask
nd stored under vacuum for 60 min. The solution containing LC11
nd MCPDB was then introduced into the flask containing AIBN
sing a syringe needle, which was previously purged with nitrogen.
he flask was placed in an oil bath at 80 ◦C for 16 h to initiate the
AFT reaction. LCP-MCPDB was then precipitated from a water and
ethanol mixture (1/1, v/v). The number average molecular weight

Mn) and polydispersity index (PDI) of the homopolymer were
.40K and 1.1, respectively. Volatile materials were removed using

 vacuum oven at 40 ◦C to yield the dry LCP-MCPDB homopoly-
er. The polymerization scheme for the synthesis of LCP-MCPDB is

hown in Scheme 1. Fig. 2 displays the 1H NMR  data of LCP-MCPDB
ncluding the assignment of the protons.

.4. Synthesis of the block copolymer

For the synthesis of poly(4-cyanobiphenyl-4′-

xyundecylacrylate-b-((2-dimethyl amino) ethyl methacrylate))
LCP-b-PDMAEMA), AIBN (1.576 mg,  0.0096 mmol), DMAEMA
0.674 mL,  4.00 mmol), LCP-MCPDB (70.400 mg,  0.016 mmol), and
MF (3.688 mL)  were added to a Schlenk flask and degassed using
A through RAFT polymerization.

three freeze–thaw evacuation cycles. The flask was then placed in
an oil bath at 80 ◦C for 24 h under a nitrogen atmosphere. The syn-
thesized block copolymers were precipitated from n-hexane three
times and the volatile materials were removed under vacuum to
produce a dry sample of the block copolymer (see Scheme 1). Mn

and Mw/Mn (PDI) were 11.06 × 103 and 1.22, respectively for the
block copolymer.

2.5. Preparation of the TEM grid cell and the flow chamber

The TEM grid cell and the flow chamber used in this study was
prepared by the same procedure as reported elsewhere [37]. Fig.
SI 3 shows the schematic of the preparation of the flow chamber.
The glass slides were first cleaned using piranha solution (H2SO4
and H2O2 mixture (70/30, v/v)), which reacts violently with organic
materials and should therefore be handled with extreme care and
stored in closed containers. The glass slides were heated for 30 min
at 80 ◦C in the piranha solution and then rinsed sequentially with
water, ethanol, and methanol, dried under nitrogen, immersed in
an OTS solution in toluene (25 �l/50 mL)  at 40 ◦C for 30 min, rinsed
with methylene chloride, and finally dried under nitrogen. The OTS
coating was  performed for the vertical alignment of the 5CB meso-
gens on the glass substrate. Copper specimen grids (sequentially
washed with methylene chloride, ethanol, and methanol) were
placed on the surface of the small OTS-coated glass which had pre-
viously been glued onto a second glass slide with epoxy (Fig. SI
3a). A small amount of 5CB (∼1 �L) was  dispensed onto each grid
by dropping and the excess 5CB was removed by bringing a nar-
row capillary tube into contact with the TEM grid. The thickness of
the 5CB layer on the TEM grid was  approximately 18 �m.  LCP-b-
PDMAEMA (1.0 wt%) was dissolved in THF/water mixture (1/1, v/v)
to form the LB monolayer. An LCP-b-PDMAEMA solution (0.1 mL)
was then spread on the water in the LB bath to prepare the mono-
layer, and the surface pressure of the monolayer was controlled
at 60 mN/m using a LB trough to obtain a constant brush density.
After successful monolayer formation on the water surface (Fig. SI
4), the prepared TEM grid cell, which was previously mounted onto
a silicon rubber attached to another glass slide (already placed in
the LB bath [Fig. SI 3b]), was slowly inserted (TEM grid-side down)
into the LB bath. The two glass slides, which were separated by the
silicon rubber, were then clipped with binding clips. Inlet and out-
let ports for the exchange of solvents were made by hypodermic
needles pierced through silicon spacer (Fig. SI 3c).

2.6. Characterization
FT-IR spectroscopy was  performed using a Jasco FT/IR-620
(Japan) FT-IR spectrometer with KBr pellets with a resolution of
4 cm−1. FT-IR samples were vacuum-dried in an oven at 40 ◦C to
remove all moisture. A small amount of the sample was mixed
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ith the KBr salt, ground well to produce a homogenous mixture,
nd then pressed into an FT-IR pellet. The molar masses and molar
ass distributions were determined using gel permeation chro-
atography (GPC) with a PLgel Organic GPC column and an RI750F

efractive index detector (Young Lin Instrument Co., Acme 9000,
orea). THF was used as an eluent at a flow rate of 0.7 mL  min−1

nd the calibration was carried out using polystyrene standards
Sigma–Aldrich, USA). 1H NMR  spectra were measured at ambient
emperature with a 400 MHz  Bruker spectrometer (Germany) using
euterated chloroform (CDCl3) as a solvent for LCP-MCPDB and
CP-b-PDMAEMA. The optical photographs were obtained using a
olarized optical microscope (Samwon, LSP-13, Korea) equipped
ith crossed polarizers and fluorescent images were observed
sing fluorescent microscopy (Nikon Eclipse, E600POL, Japan).

. Results and discussion

.1. Synthesis of LCP-b-PDMEMA

Fig. SI 5 displays the GPC traces of the synthesized LCP-MCPDB
nd LCP-b-PDMAEMA. An increase in the molecular weight of
CP-b-PDMEMA relative to that of LCP-MCPDB can be clearly
bserved. The molecular weight of LCP-b-PDMAEMA was  LCP
4.4K)-b-PDMAEMA (6.7K) with a PDI of 1.22. Fig. 1a displays the
H NMR  spectra of LCP-MCPDB and LCP-b-PDMAEMA. The charac-
eristic NMR  peaks for both LCP and PDMAEMA blocks are present
n the 1H NMR  spectrum of LCP-b-PDMAEMA, indicating success-
ul block copolymerization. The proton peak positions, respective
ntegrated area, and number of protons for LCP-b-PDMAEMA are:

 = 0.74–0.9 (m,  6H, N–(CH3)2), 0.93–1.03 (s, 3H, CH3), 1.16–1.26
m,  14H, (CH2)7), 1.31–1.44 (m,  2H, CH2), 1.69–1.79 (m,  2H, CH2),
.80–1.89 (d, 2H, CH2), 2.06–2.13 (d, 1H, CH), 2.20–2.33 (m,  2H,
H2), 2.47–2.63 (t, 2H, N–CH2), 3.87–4.10 (t, 6H, OCH2), 6.83–6.96
d, 2H, O-ar), 7.39–7.50 (d, 2H, aromatic), and 7.52–7.68 (d, 4H,
romatic). The peak at x represents the protons of H2O. Fig. 1b
isplays FT-IR spectra of LCP-MCPDB and LCP-b-PDMAEMA. The
T-IR spectrum of LCP-MCPDB (Fig. 1b(i)) includes the charac-
eristic peaks at 2229 cm−1, 1734 cm−1, 1495 cm−1, 1386 cm−1,
176 cm−1, and 824 cm−1 which correspond to the stretching bands
f C≡N, C O, Caliphatic–O–Caromatic, aromatic C C, C–O, and the
ong aliphatic CH2 of the spacer, respectively. The FT-IR spectrum
f LCP-b-PDMAEMA (Fig. 1b(ii)) shows the same characteristic
eaks of LCP-MCPDB with additional split peaks at 3404 cm−1

nd 3437 cm−1, which correspond to the NH2 stretching from
DMAEMA (inset). A shift in the C O peak from 1710 cm−1 to
732 cm−1 may  be due to the intramolecular hydrogen bonding
ithin PDMAEMA. Thus, successful block copolymerization using
AFT polymerization was confirmed by the FT-IR spectra of LCP-
CPDB and LCP-b-PDMAEMA.

.2. Protein detection

Fig. 2a displays the polarized optical microscope images of the
unctionalized TEM grid cell with LCP-b-PDMAEMA (TEMPDMAEMA
rid cell) under crossed polarizers after injecting solutions with
nd without protein at various pH values, ranging from 2 to 12. The
mages of the samples without proteins exhibit a change from the
omeotropic to the planar orientation when the pH was  between

 and 7. PDMAEMA is a weak cationic polyelectrolyte with a pKa of
.5; therefore, PDMAEMA is in the cationic and neutral states when
he pH is below and above 7.5 as a result of protonation and depro-

onation, respectively. The pH at which the H–P transition occurred
between 6 and 7) is slightly lower than the pKa of PDMAEMA (7.5).
his discrepancy is likely due to the difference in the charge state of
he brush relative to that of the bulk (freely moving polymer chain).
Biointerfaces 121 (2014) 400–408 403

However, the brightness of the polarized optical microscope images
at pH 7 was  lower than that of images at pH ≥ 8, which indicates that
protonation of the PDMAEMA within the brush at pH 7 was  mini-
mal  compared to that of the solutions at pH ≤ 6. Therefore, the pKa
of PDMAEMA in the brush is likely reduced to between 6 and 7 from
7.5 in the bulk; however, additional systematic studies are neces-
sary to determine the effect of the brush density on the protonation.
Thus, the charged state of PDMAEMA generated the homeotropic
orientation below its pKa threshold upon protonation, while the
neutral state of PDMAEMA produced the planar orientation upon
deprotonation. The charged state likely induced the electrical field
at the LC/water interface to force the 5CB within the TEM grid
to be oriented perpendicular to the LC/water interface because
5CB has a positive dielectric anisotropy and is capable of being
oriented along an electrical field. The poly(acrylic acid)-b-poly(4-
cyanobiphenyl-4′-oxyundecylacrylate) (PAA-b-LCP) functionalized
TEM (TEMPAA) grid cell described in our previous report [32] exhib-
ited the homeotropic orientation when the pH was greater than
the pKa due to the anionic charges of PAA. PAA is a weak anionic
polyelectrolyte that exhibits a negative charge above (not below)
its pKa as a result of deprotonation, such that the charged state
of PAA occurs at high pH values. Thus, the charged state of weak
polyelectrolytes (regardless of whether it is positive or negative)
at the LC/water interface within the TEM grid cell is necessary to
induce the homeotropic orientation as a result of an electric field
being generated by polyelectrolytes located at the LC/water inter-
face. A charged polyelectrolyte can form a complex with proteins
through electrostatic interactions because proteins possess charges
with their positive and negative portions existing below and above
their pI’s, respectively. For the cationic polyelectrolyte, the nega-
tively charged proteins above the pI can form a complex. Therefore,
complexes between proteins and the weak cationic polyelectrolyte
can exist in the pH region between the pI of the protein and the
pKa of the weak cationic polyelectrolyte. If the pI of the protein is
higher than the pKa of the weak cationic polyelectrolyte, then it
is impossible for the complex to form. BSA, Hb, and ChTg, which
exhibit a pI of 4.7, 6.8, and 9.0, respectively, were tested in order
to determine the required pH range for protein detection. The pKa
value of PDMAEMA was determined to be between 6 and 7 from the
data generated in the absence of protein, as previously mentioned,
and only BSA has a pI below the pKa of PDMAEMA. Fig. 2b dis-
plays the polarized optical microscope images of the functionalized
TEM grid cell containing LCP-b-PDMAEMA (TEMPDMAEMA grid cell)
under the crossed polarizers after injecting BSA, Hb, or ChTg solu-
tions (0.01 wt%, each above the critical concentration for the H–P
transformation, which will be discussed in the following section)
at pH values ranging from 2 to 12. After injecting the Hb and ChTg
solutions, the polarized optical microscope images did not change
much, which indicates that a complex did not form. However, when
BSA was injected, the initial homeotropic orientation changed to
the planar orientation when the pH was between 5 and 6, and the
polarized optical microscope did not exhibit any noticeable changes
at other pH values. The complexation between BSA and PDMAEMA
is only possible between pH 5 and pH 6, which further confirms that
the complex formed through electrostatic interactions can induce
a change in orientation in 5CB within the TEM grid. To confirm the
complexation between BSA and PDMAEMA, 0.1 wt% of BSA labeled
with FITC (BSAFITC) solution at pH 3, pH 6 and pH 9 was prepared and
injected to the TEMPDMAEMA grid cell. Fig. 2ci–iii shows the fluores-
cent images of the TEMPDMAEMA grid cell after washing with a PBS
buffer solution at the same pH. The green color was clearly observed
on the TEM grid at pH 6, while black images were observed at pH

3 and pH 9, which indicates that the negatively charged BSAFITC
formed electrostatic interactions with the oppositely charged poly-
mer  at pH 6 and no protein adsorption occurred at pH 3 and pH 9 due
to the charges between the two  species being the same. This result
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Fig. 1. (a) 1H NMR  and (b) FT-IR spectra

onfirms that the complex formed through electrostatic interac-
ions can induce a change in orientation in 5CB within the TEM
rid. This change in orientation occurs upon complex formation
nd is likely due to a decreased electrical field as a result of the
eutrality of the complex, although further detailed studies on this
echanism are necessary.
Fig. 2b displays the polarized optical microscope images of the
EMPDMAEMA grid cell after injecting the BSA solution at pH 5 at
rotein concentrations ranging from 0.001 to 0.100 wt%. The pH of
he tested protein solution was chosen to be above the pI in order
o exhibit a negative net charge. The minimum protein detection
 LCP-MCPDB and (ii) LCP-b-PDMAEMA.

limit through the H–P change was  observed at 0.02 wt%, or 30 nM,
for BSA. This low detection limit suggests that the weak cationic
polyelectrolyte PDMAEMA could strongly bind to the protein via
electrostatic interactions. The adsorption of proteins can occur
in various ways including electrostatic interactions, hydrophobic
interactions, and hydrogen bonding. These results suggest that
electrostatic interactions are a major driving force for protein

detection in polyelectrolyte LC-based biosensors.

Fig. SI 6a displays the polarized optical microscope image of the
TEMPDMAEMA grid cells under crossed polarizers after injecting a
BSA solution (0.02 wt%) at pH 6 into the cell. Fig. SI 6b displays
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ig. 2. (a) Polarized optical microscope images of the TEMPDMAEMA grid cell unde
arious  pH values ranging from 2 to 12, (b) samples containing BSA at various conc
oncentration in �M),  and (c) fluorescent images of the TEM grid cells after injectin

he same image after replacing the pH 6 medium of the cell with
 pH 3 aqueous buffer solution. Upon complexation between BSA
nd PDMAEMA, the initial planar orientation (Fig. SI 6a) did not
hange after washing with a pH 6 aqueous buffer solution without
rotein (data not shown), which suggests that the complexation

as strong enough to be maintained after washing with water.

he TEMPDMAEMA grid cell was then injected with a pH 3 aque-
us solution that did not contain protein (Fig. SI 6c), which was
erformed by injecting 3 mL  of the pH 3 aqueous buffer solution
s polarizers without and with BSA, Hb, ChTg (all 0.1 wt%) and DNA (0.01 wt%) at
ions ranging from 0.001 to 0.100 wt%  at pH 5 (the numbers in parentheses indicate
C-BSA (0.1 wt%) solution at (i) pH 3, (ii) pH 6, and (iii) pH 9.

into the cell (volume, 0.6 mL). Changing the pH to 3 induced the
positively charge state of PDMAEMA to occur and could potentially
dismantle the complex between the BSA and PDMAEMA, resulting
in the P-H change. However, the planar orientation did not change
to the homeotropic state. There are several possible explanations

for the irreversibility of the protein adsorption upon changing the
pH above and below the pI. For example, the specific portion of
charged protein that has already made contact with the PDMAEMA
through electrostatic interactions could not be altered by changing
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ig. 3. Change in GI after injecting a BSA (0.02 wt%) solution into the TEM grid cell
t  pH 6.

he pH of the medium due to its strong binding force. Another pos-
ible explanation might be that the protein contained negatively
harged groups even when the pH of the protein solution was lower
han its pI, because the pI represents the relative amounts of neg-
tive and positive pendant groups, i.e., more positive groups than
egative groups (as opposed to all positive groups) when the pH
as lower than the pI.

.3. Detection speed

Fig. 3 displays the change in the mean gray-scale intensity (GI) as
 function of time after injecting the BSA solution (0.02 wt%) into
he TEMPDMAEMA grid cell at pH 6. The concentration and the pH
ere chosen to be just above their detection limits (Fig. 2b) and
I, respectively. The GI gradually increased due to the H–P change

n orientation upon the formation of a complex between the pro-
ein and PDMAEMA and eventually became saturated. The time for

eaching the half-saturated intensity was 315 s after injecting the
SA. This time is slightly longer (by several seconds) than the times
bserved in our previous study with the TEMPAA cell [32]. This slow
omplexation within the TEMPDMAEMA grid cell is likely a result

ig. 4. Polarized optical microscope images of the TEM grid cells under crossed polarizer
he  graph represents the wt%  of the aqueous DNA solution at pH 6.
Biointerfaces 121 (2014) 400–408

of the rapid change in the chain conformation of the PAA chains
relative to the PDMAEMA chains.

3.4. DNA detection

As a strong anionic polyelectrolyte, DNA was  soluble in the
aqueous medium and was  also negatively charged because of the
phosphate deoxyribose backbone. The detection of salmon fish
sperm DNA was tested with the TEMPDMAEMA grid cell. The pH
dependency of DNA detection was also evaluated, as shown in
Fig. 2a (last row). A strong anionic polyelectrolyte has negative
charges regardless of pH and is capable of forming complexes
with cationic PDMAEMA when the pH was lower than the pKa of
PDMAEMA. The initial homeotropic orientation at pH ≤ 6 changed
to the planar orientation, which indicates that DNA formed a com-
plex with PDMAEMA. However, the initial planar orientation at
pH ≥ 7 did not change upon the addition of DNA. Therefore, DNA
could be detected in environments where the pH is below the pKa
of PDMAEMA upon forming a complex with PDMAEMA (a weak
polyelectrolyte) through electrostatic interactions. Fig. 4 displays
the polarized optical microscope images of the TEMPDMAEMA grid
cell after injecting DNA solutions at various concentrations rang-
ing from 0.001 to 0.020 wt%  within a pH 6 buffer solution. The initial
homeotropic orientation changed to the planar orientation when
the concentration was higher than 0.010 wt%. This detection limit
for DNA (0.01 wt%) was  lower than that observed for BSA (0.02 wt%)
(Fig. 2b). This lower detection limit is likely a result of the stronger
negative charge relative to the proteins because every nucleotide
unit contains a negative phosphate deoxyribose group in DNA.

3.5. Stability

The stability of the TEMPDMAEMA grid cell can be tested by main-
taining the reference homeotropic orientation. The homeotropic
orientation in the TEMPDMAEMA grid cell cannot be maintained when
the LCP-b-PDMAEMA or the 5CB is detached from the LC/water
interface. Fig. 5 displays the mean GI of the TEMPDMAEMA grid cells at
pH 3 as a function of time for a duration of 6 days. The homeotropic

orientation produced a low GI value of 12 due to black image.
The cell maintained its homeotropic orientation for 6 days, which
indicates that the TEMPDMAEMA grid cell is quite stable during test-
ing periods. The performance of the TEMPDMAEMA grid cell after 6

s after injecting salmon fish sperm DNA at different concentrations. The number in
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ig. 5. The average GI of the TEMPDMAEMA grid cell as a function of time. The error
ars  represent the standard deviation for triplicate of experiments.

ays was tested by injecting a BSA solution (0.02 wt%) into the cell.
he cell converted to the planar orientation, which indicates that
his TEMPDMAEMA grid cell was stable for a long time after the fab-
ication of the cell in water. This result is likely due to the strong
nchoring of 5CB onto the grid by LCP-b-PDMAEMA.

. Conclusions

In this report, we synthesized a weak polyelectrolyte containing
CP-b-PDMAEMA through RAFT polymerization to demonstrate its
pplication as a biosensor for non-specific proteins and DNA. This
ystem utilized a TEMPDMAEMA grid cell coated with a monolayer of
CP-b-PDMAEMA on the 5CB surface as a detecting layer by mon-
toring the H-P transformation. This functionalized TEM grid cell
ould detect proteins at a pH range above the pI of a protein and
elow pKa of PDMAEMA by electrostatic attractions within 1 min,
ith a detection limit of 30 nM for BSA. A strong anionic polyelec-

rolyte such as salmon fish sperm DNA could be detected with
his TEMPDMAEMA grid cell at a wide pH range below the pKa of
DMAEMA with a detection limit of 0.01 wt% because it contains
egatively charged phosphate deoxyribose groups throughout its
tructure regardless of the pH. This simple and inexpensive set-up
or non-specific biomaterial detection provides the basic ground-
ork for developing effective and selective biosensors through the

ntroduction of specific binding groups such as aptamers, antibod-
es, single-stranded DNA, proteins, peptides, and aptamer-binding
NA into the cell [37].
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