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Abstract: Sodium dodecyl sulphate (SDS) includipxgyclodextrin §-CD) (3-CDspg was used

to detect cholesterol at the 4-cyano-4'-pentylbigh€5CB)/aqueous interface in transmission
electron microscopy (TEM) grid cells. TifeCD acts as a host for SDS (guest). The guest SDS
enclosed within th@-CD cavity was replaced with cholesterol by injegticholesterol solution
into the TEM cell at concentrations greater thgoM8 The replacement of SDS with cholesterol
was confirmed by pH measurement and high performéiqoid chromatography (HPLC). The
SDS excluded from thg-CD altered the planar orientation of the 5CB coadi within the TEM

grid cell to a homeotropic orientation. This plat@homeotropic transition was observed using
a polarized optical microscope under crossed raesi This convenient TEM grid cell provides

a new method for the selective detection of chetestwithout immobilization of the detecting

receptors (enzyme, antibody, or aptamer) or theotisephisticated instruments.

KEYWORDS: Cholesterolp-cyclodextrin, liquid crystal, biosensor, sodiundédoyl sulphate.



Introduction

Cholesterol analysis has been subjected to comdidescrutiny owing to its importance
in clinical diagnosis. Excess cholesterol contarthe blood serum results in the development of
plaque in the blood vessels, which in turn leadsaiovascular diseases. Several assays and
methods, including chemical, colorimetric, fluoritme, and polarographic assays, as well as thin
layer chromatography, high- performance liquid amatography (HPLC), gas chromatography,
and enzyme-based biosensors have been used to detéesterol.[1-4] Among these, enzyme-
based biosensors rely on use of cholesterol-seée@nzymes, such as cholesterol esterase,
cholesterol oxidase, and per oxidase, which aremsige and prone to denaturation. Therefore,

alternative, simple, and cost-effective methodscfalesterol detection need to be identified.

Cyclodextrins (CDs) are a series of cyclic oligaswrides containing 6, 7, or 8 glucose
units connected by am1, 4 linkage. CDs with 6, 7, and 8 glucose units @lledo, B, andy-
CD, respectively. The outer surface of CD is hytiibp because of the presence of hydroxyl
groups; conversely, the inner surface of the mddéecoavity is hydrophobic. This structure
provides the CDs with a unique ability to form hgsest inclusion complexes with a wide range
of suitably sized guest molecules.[5] The guestemwke is held within the CD cavity in these
complexes. The complexation largely depends ordimension of CD and the particular steric
arrangement of the functional groups in the guesteaule.[5] The CDs usually favor the
unionized guest molecules displaying a higher l@fd¢lydrophobicity, compared to the ionized
molecules.[5] The host-guest interaction betwp&lD and cholesterol has been widely used in
the selective extraction of cholesterol from biesdemnments, such as food, cell membranes,

blood serum, and cultured cell.[6-9]



Nanoparticle-functionalized3-CD have been used in the selective detection and
separation of cholesterol.[10-11] Previous stutti@ge suggested that tReCD can be used as
an alternative to enzyme-based biosensors for stestd detection. However, the interaction
between -CD and cholesterol does not alter the electricahdactance, pH, or optical
appearance. Therefore, this interaction cannotskd to detect cholesterol using electrochemical
or potentiometric methods. The fluorescence-basgdction of cholesterol has been reported
using fluorescence dye-includ@eCD hybrid systems. For example, Zhang et al. cesiggold
nanopatrticles functionalized using a fluorescengeidcludedp-CD hybrid system. Cholesterol
was detected via fluorescence recovery from theasgld dye, which occurred as a result of the
replacement of quenched dyes in k€D with cholesterol.[10] Li et al. reported theeparation
of superparamagnetic nanoparticles conjugated W#HBD, and their selective binding to
cholesterol.[11] Mondal et al. designedpaCD/graphene hybrid system and incorporated a
flourescence dye, rhodamine 6G, for the opticadéactein of cholesterol; here, tifeCD allowed
for selective cholesterol detection, while the dwape transduced the signal emitted by the
replacement of rhodamine 6G by cholesterol in §t&id into an optical signal.[12] This system
showed a superior optical response compared tgotéeiously reported nanoparticlBsCD
hybrid systems.[10-11] However, the difficultiessgnthesis of nanoparticles and graphene, as
well as the use of fluorescent materials, resulthm increase in complexity and cost of these

methods.

A diverse range of dynamic and equilibrium processa&n occur when molecular self-
assembly and specific bimolecular recognition evéake place at the interfaces formed between
nematic liquid crystals (LCs) and immiscible agueqgehases. The orientation of LCs is

extraordinarily sensitive to the change in the eelj (contact) interface. The optical
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amplification of LCs make them a unique opticall@dor sensing chemical reactions, such as
enzymatic reactionS, *® ligand-receptor binding,[1314-17] and peptide-lipid[18] interactions
at the LC/aqueous interface. In this study, a trassion electron microscopy (TEM) grid on an
octadecyltrichlorosilane (OTS)-coated glass filleith 4-cyano-4"-pentylbiphenyl (5CB) (a
nematic liquid crystal at room temperature) wasdusedetect cholesterol via hotCD)/guest
(cholesterol) interactions. Sodium dodecyl sulph&&S)-includedp-CD (B-CDspg was
initially introduced to the 5CB/aqueous interfadéhe SDS present in the TEM grid cell
containingB-CDsps Was replaced with cholesterol upon injection afhalesterol solution. The
planar-to-homeotropic (P-H) change in orientatidrb@B due to adsorption of the excluded
SDS at the interface was observed through a pelhmptical microscope (POM) under crossed
polarizers. This cholesterol detection system whseoved to be simple, cost-effective, and
highly stable. Therefore, it could be applied aseav alternative enzyme-based cholesterol

biosensor.



Experimental procedures

Materials. Microscopic glass slides (Duran group, Werthe@®ermany) were cleaned using a
piranha solution in order to remove organic contamts (Caution: Piranha solution is extremely
corrosive, necessitating proper care). These wdrsegjuently washed with distilled water, dried
under nitrogen, and coated with OTS (Sigma-Aldrigh, Louis, MO) which aligns the 5CB
mesogens perpendicular to the glass surface. Cdjdrspecimen grids (G75, grid hole width
285 pm, pitch 340 pm, bar width 55 pm, diamete’53®m, and thickness 18 pum) were
purchased from Ted Pella Inc. (Redding, CR)CD (Sigma-Aldrich), cholesterol (Sigma-
Aldrich), 5CB (TCI Chemicals, Tokyo, Japan), SD3g(®a-Aldrich), B-D-glucose (Sigma-
Aldrich), hemoglobin (Sigma-Aldrich), ascorbic ac{&igma-Aldrich), and NaCl (Sigma-

Aldrich) were used as received, unless otherwiseifipd.

Preparation of SDS included B-CD: SDS inclusion i3-CD was prepared as per a previously
reported method.[19] Briefly3-CD (1 mM) was dissolved in distilled water andrstil for an
hour. SDS powder was added to tfeCD aqueous solution at room temperature. The
temperature was raised to 60°C in order to incréassolubility ofp-CD and SDS; the mixture
was continuously stirred for 3 hours. The mixturaswthen cooled to room temperature and
stirred for another 24 hours. In order to determaneoptimum concentration for SDS inclusion
in B-CD, the aqueous SDS concentrationspE 10, 50, 100, 170, 250, 300, 340, 680, 1020,

1360, 1700, and 3500 pM were tested with a f3&€D concentration of 1mM.

Fabrication of TEM grid cells for cholesterol detection: In order to fabricate a TEM grid cell,
a cleaned TEM grid was placed on a small OTS-cogléss (12 mm x 8 mm) glued to another

microscopic glass slide, which was walled withcsifi sheath (in order to fabricate a chamber
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that can hold aqueous solutions). The pores oTHEM grid were filled with 1 uL 5CB, and the
excess LC was removed using a capillary tube ierai@ obtain a uniform 5CB film. Aqueo@is
CDsps (0.5 mL) solution was poured into the TEM grid Iceghis was followed by the
introduction of a 0.5 mL cholesterol aqueous solutiThe cholesterol concentrationggC1.3,

3,5, 13, 26, 52, and 130 uM were tested.

Analysis of cholesterol in the blood-stimulated yeast samples: In order to test the capacity of
the TEM grid sensor for cholesterol detection, aplex mixture of yeast extract (YE) (1
mg/mL), hemoglobin (5 mM), ascorbic acid (AA; 0.M) glucose (2 mM), and cholesterol (3,
26, and 52 uM) was prepared. YE denote the prodegsast products, and is acquired by
extracting the body cell contents. It is used &soa additive and nutrient, and is comprised of
saturated and unsaturated fat, sodium, potassiwgnesium, chromium, carbohydrates (sugar),
proteins, and the vitamin B-complex.[20] It cancaisimic the contents of a real blood sample,

when supplemented with hemoglobin, AA, glucose, @malesterol.

Instrumentation: The inclusion was characterized using a pH met&-2901 pH, Japan) and
by high performance liquid chromatography (HPLCheTHPLC instrument (Model 600E,
Waters, Co., Milford, MA) was equipped with a Sugak | column (6.5 x 300 mm; Waters,
Co.) and a refractive index detector (RI, Model ¥X0a-EDTA buffer (50 mg Ca-EDTA/1L
dH,0) was used in the column as the mobile phase avitbw rate of 0.5 mL/min at 90°C. The
optical images were captured using a CCD camer€{BT83USB, Samwon, Korea) connected
to a polarizing optical microscope (POM; ANA-QQ&ica, Germany). The gray-scale intensities

(Gls) of the frames were calculated using Adobet®dtmp CS5 software.



Results and Discussion

Preparation of SDS-included B-CD: In order to determine the optimum concentratiorsbfS
for complete inclusion withi-CD (without any free SDS in water), the pH of fhee SDS and
B-CDsps aqueous solutions was measured at different comatEms. The optimum
concentration must be accurately determined atiemtation of the TEM grid cell must be
altered by exclusion of SDS via cholesterol inaas{not by free SDS). Figure 1 shows the pH
change in pure SDS afidCDsps aqueous solutions as a function @b€ Thep-CDsps agueous
solutions were prepared with a fixBedCD concentration of 1mM. The pH of the SDS aqueous
solution linearly increases with the logarithmicr@ase in gos however the pH of thg-CDsps
agueous solution is maintained at 7 until thgqeaches 340 uM; after this level, the pH3ef
CDsps increases with further increase inggas shown in Figure 1. The pupeCD aqueous
solution (1 mM) is neutral at pH = 7 and the SD8eays solutions are weak base. The SDS in
the B-CD aqueous solution can be included into the gasfitthe3-CD through the hydrophobic
interactions between its hydrophobic alkyl tail ga@D. The included SDS at lowsgs (up to
340 uM) did not affect the pH of teCDsps aqueous solution. The increase in pH g<C
340 puM indicates that all SDS cannot be includetha3-CD cavities and some quantities of
free SDS (SD&e remains behind in th@-CDsps aqueous solution. This SRS causes an
increase in the pH of the aqueous solution. Thength with which the SDS included within the
cavity binds toB-CD is not as stable as other hydrophobic matersaish as cholesterol, tween
20, methylene blue, etc.[21] For example, a previstudy investigated the effect of different
surfactants on rhodamine 6G dye-includ@®€D in the B-CD/grapheme hybrid system by
measuring the resultant fluorescence intensiti2k.[Ihe introduction of SDS (anionic

surfactant) into the system provided a lower flgosnce intensity compared to tween 20 (non-
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ionic surfactant).[12] This suggested that the bptiobic cavity off-CD cannot accommodate
higher quantities of SDS than tween 20. Although gl measurement of tiffeCDsps solution
provided us with some information on a possibleémat SDS concentration during preparation
of the cholesterol probe in tifleCDsps solution, the exact quantities of SDS to be inetlith the

B-CDspsand the SD&. solutions must be analyzed using HPLC.

Figure 2a shows the HPLC chromatograms obtaine® i (340 uM)B-CD (1 mM),
B-CDsps(Csps= 340uM), andB-CDsps(Csps= 1020uM). The SDS an@-CD chromatograms
exhibit characteristic peaks at a retention tim&)(Bf 5.2 and 10.01 min, respectively (Figures
2a(i) and 2a(ii)). Theg-CDsps chromatogram at §5s= 340uM shows a characteristic peak at
RT = 9.82 min, which shows a slight shift from theak displayed by-CD (at 10.01 min)
(Figure 2a(iii)). The peak at RT = 5.2 min was adtnmvisible, indicating the absence of free
SDS. This also indicated that nearly all SDS watugted within-CD at Gps= 340 uM, which
was consistent with the pH measurements. Howelve3-CDsps chromatogram at §s= 1020
UM shows a peak for free SDS at RT = 5.2 min, dbagea characteristic peak fp+CD at RT=
9.82 min, indicating that thf-CDsps aqueous solutions prepared witkp€> 340 uM may
possess free SDS. Figure S| 1 demonstrates thwatadn plot of the peak area at RT = 5.2 min
vs. Gsps Obtained from the chromatograms of the pure SDfe@as solutions in theggs range
= 3.5 to 340 pM. A linear relationship between te sets of values with af value of 0.999.
Figure 2b shows the concentration of $SRSCieespd as a function of €ps The GreespsWas
calculated from the calibration curve of FigurelSIThe GeespsWas observed to be ~ 0 until
Csps= 340 uM; subsequentlysEespsincreased corresponding to the increasesiss O herefore,
the Gsps for maximum SDS inclusion i-CD without any resultant free SDS was determirmed t

be ~ 340 uM, which was consistent with the respiifgH measurement. Therefore, € Dsps
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aqueous solution without free SDS in water was g at Gps= 340 pM; this concentration

was used for cholesterol detection.

Preparation of the cholesterol sensor: Figure 3a shows the POM images (under crossed
polarizers) of the TEM grid cells in aqueous SDiitsons (varying Gpg). This figure shows the
planar orientation at £5s =0 (without SDS in water) (Figure 3a(i)), which sveonsistent with
the previous reported data.[22-23] The planar ¢atgmn observed at §gs= 68 and 100 uM
(Figures 3a(ii) and 3a(iii)) was altered to slighind completely homeotropic atgg = 136
(Figure 2a(iv)) and> 170 uM (Figure 3a(v)), respectively. It has beatalelished that the
adsorption of a surfactant (SDS) at the LC/aquéutesface often leads to a P-H transition in the
orientation of the LC, as a result of the infiltoat of long alkyl tail of SDS into LC when the
density of the surfactant exceeds a critical v§d2¢. Therefore, the critical concentration
resulting in homeotropic orientation in the TEMdydell (SDSica) Was determined to be ~ 150
MM. Figure 3b shows the POM images (under crossaaripers) of the TEM grid cells in
agqueous3-CDgsps solutions (varying €pg). p-CDspsdisplayed planar orientaticat Csps= 170,
340, and 680 pM; this was altered to a slight anglete homeotropic orientation aggg= 1020

and 1360 pM, respectively. The concentrations @ 8DS were determined to be 2.5, 3.1, 40,
92, and 295 puM in thp-CDsps aqueous solutions prepared a&b§= 170, 340, 680, 1020, and
1360 uM, respectively (data from Figure 2b). Thaeeays solutions prepared aigs= 170, 340,
and 680 puM were far below the Siaga (150 uM); on the other hand, the aqueous solutions
prepared at €5s=1020 uM and 1360 uM were close to and well abdv&.%ca. Therefore, the
results observed in Figure 3b could be explainethan the varying concentrations of SRS

These results were consistent with the data oldamoen pH measurement and HPLC analyses.



Therefore, the reference TEM grid cell for cholestedetection was prepared wifhCDsps
(Csps= 340 uM), which induces a planar orientation witximum SDS inclusion ifi-CD,

with almost no free SDS in water.

Cholesterol detection: Figure 4a shows the POM images (under crossedipais)y of the TEM
grid cells in the aqueous cholesterol solutionffgdint concentrations; &) without-CDsps

All images showed a bright coloring, indicating tthhe cholesterol itself did not affect the
reference planar orientation caused by in-planefiiigence, associated with parallel anchoring
of LC along the LC/aqueous interface. Figure 4bwshdhe POM images (under crossed
polarizers) of the TEM grid cells in agueosCDsps solutions prepared atsgs= 340 uM
(TEMg.coisps grid cells), after injecting the aqueous cholesteolutions at different cholesterol
concentrations (§3). The planar orientation of the 5CB was mainthiaeG= 1.3 uM (Figure
4b (i)). A slight change in the orientation of 5@&s observed atG 3 UM (Figure 4b (ii)).
Few dark patches appeared gt=Q@3 uM (Figure 4b (iii)); these patches becomeenasible at

Co = 26 and 52 uM (Figures 4b (iv) and (v)), and lmeaompletely black upon adoption of a
homeotropic orientation ats@ 130 uM. From these results, we theorized thaafipearance of

a homeotropic orientation if+CDsps was due to the replacement of cholesterol with .SDif&
excluded SDS can be adsorbed on to the 5CB; thé®rption induces the homeotropic
orientation. The detailed mechanism of cholestdedection with the TEMcp/sps grid cell is
shown in Scheme 1. The TEMbspsgrid cells detect cholesterol at concentrationbasas 3
KM, a range lower than that detected by many redahzyme-based cholesterol biosensors. For
example, Tamt al. reported a detection limit of 240 uM for ChO immia®d on a prussian blue
layer of the sol-gel chitosan/silica and MWCNTSs][24 et al. used modified screen-printed

carbon electrodes with immobilized ChO, cholestegsterase, peroxidase, and potassium
10



ferrocyanide, and reported a detection limit of 40@.[25] Vidal et al.reported a detection limit
of 8 uM using a modified platinum (Pt) electrodepogited with a layer of Prussian blue,
followed by entrapment of ChO within the electropoérized polypyrrole layer.[26] However,
this latter method requires the application of ssiitated methods, such as the modification of
electrode, electropolymerization, and entrapmer@lo®. On the contrary, this sensitive TEM
corsps grid cell, which can be applied as a biosensor dioolesterol detection, has many

advantages such as convenient and cost-effectveeétion, and easy detection.

Figure 4c shows the GI of the TEMbsps grid cells as a function of ££the error bar
represents the standard deviation for triple measants. The linear relationship was found
until Co=52 uM. At G= 52, the GI values were saturated due to the campierk homeotropic

image. Thus, the dynamic range for cholesteroldfiete through the Gl value is below 52 pM.

Practical application: Several biomaterials are present in human bl@maptes and the TEM
coisps grid sensor can be used to interfere with theeeblecules. Figure 5shows the POM
images of TEM.co/spsgrid cells in 1 mM aqueous solutions of NaCl, gise, ascorbic acid, and
hemoglobin. No P-H orientational change was obskméhe NaCl, glucose, ascorbic acid, and
hemoglobin aqueous solutions (Figures 5a(i) tg.(ivherefore, the TEMcp/spsgrid cell detects
cholesterol in blood samples without interferenoenf the other components present in the

blood.

The YE/cholesterol mixture aqueous solution samptegaining nearly all components
of human blood were tested using the TEMsps Figure 5b shows the POM images (under
crossed polarizers) of the TEMp/spsin the aqueous solutions of the YE (1 mg/mL /chielesd

mixture, at different cholesterol concentrationseTinitial planar orientation was maintained
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when a pure aqueous YE solution was injected (Eigbin(i)). Slight homeotropic image
appeared when the YE/cholesterol (3 uM) mixtureitsmh were introduced (Figures 5b(ii)).A
few dark patches appeared upon introduction of N&éAsterol (26pM) mixture solution
(Figures 5b(iii)). The homeotropic orientation bews more visible under high cholesterol
concentrations in the YE/cholesterol (52 pM) migtwolution (Figure 5b(iv)). These results
indicated that the cholesterol content in the YBlekterol mixture can be detected at a detection
limit of ~ 3 pM. Therefore, the TEMoisps provides sufficient specificity for cholesterol

detection, without interference from the other comgnts in blood.

Conclusion: A cholesterol biosensor was fabricated using a TN cell containing a SDS-
includedB-CD aqueous solution (TEMop/spsgrid cell). The maximum concentration of SDS for
complete inclusion of SDS withip-CDsps without any free SDS in the solution was determine
at 340 pM; this was confirmed by pH measurementtdRUC analysis. The TEMp/spsgrid

cell detected cholesterol through changes in thieapappearance using a POM (at a detection
limit of (3 uM) without considerable interferena@rin the major components of blood, such as
NaCl, glucose, ascorbic acid, bovine serum alburnmg hemoglobin. This novel, simple, and
convenient TEM grid cell can be used as a seletiiogensor for cholesterol detection in human

blood samples without immobilization of enzyme ptilaody during biosensor fabrication.
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(b)

Figure 3. POM images (under crossed polarizers) of the TEM gells in (a) agueous SDS
solutions at Gps= (i) O, (ii) 68, (iii)) 136, (iv) 170, and (v) 340 pMand (b)B-CDsps solutions
prepared at €ps= (i) 170, (ii) 340, (iii) 680, (iv) 1020, and (\)360 puM. . Gpsis concentration

of SDS an@-CDspsis SDS-include@-CD.
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Figure 4. POM images (under crossed polarizers) of the TEM gells (a) in the agueous
cholesterol solutions at different concentratio@gs) (i) 13, (ii) 52, and (iii) 130 pM withou-
CDsps and POM images of the grid cells in the (b) agegeCDsps solutions prepared atsgs
= 340 uM (TEM-cossps grid cells) after injecting the aqueous choledtspdutions at G= (i)
1.3, (i) 3, (iii) 13, (iv) 26, (v) 52, and (vi) IBuM, (c) the Gl of the TEMcp/spsgrid cells as a
function of G; the error bar represents the standard deviatoitriple measurements.sgs is
concentration of SDS3-CDspsis SDS-included3-CD, and TEM.cossps grid cell is TEM grid

cell in the aqueouR-CDsps solution prepared atsgs= 340 M.
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Figure 5. POM images (under crossed polarizers) of FieMespsgrid cells in (a) 1 mM aqueous
solutions of (i) NaCl, (ii) glucose, (iii) ascorbazid, (iv) hemoglobin, and (b) (i) yeast extrakt (
mg/mL) solution and aqueous solution of the YE/ebt#drol mixture at different cholesterol
concentrations of (ii) 3, (iii) 26, and (iv) 52 pM the mixture. TEMcp/sps grid cells is TEM

grid cells in the aqueoysCDsps solutions prepared atsgs= 340 uM.
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, cholesterol AB'CyClodextrin ' 5CB z SDS

Scheme 1. Model of the TEM.co/spsgrid cell, and its cholesterol detection mechanism
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Supporting information

The development of a cholesterol biosensor usingue
crystal/aqueous interface in a SDS-inclufled/clodextrin aqueous

solution

Sundas Munir and Soo-Young Park*

School of Applied Chemical Engineering, DepartmariPolymer Science & Engineering,

Kyungpook National University, Daegu 702-701, Rdjmubf Korea
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Figure SI 1. Plot depicting the relationship between the pea&aat RT = 5.2 min andsgs,
obtained from the HPLC chromatograms of the pur& 8Queous solutions {gsrange = 3.5 to

340 pM).
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Highlights

B-CD-SDS inclusion was used for the detection of cholesterol at 5CB/aqueous interface.
The 5CB exhibit planar orientation in p-CD-SDS solution.

The B-CD act as host for SDS guest.

The SDS enclosed within the B-CD cavity was replaced by cholesterol.

Thereleased SDS from the B-CD caused homeotropic orientation of 5CB.

The cholesterol was detected from planar-to-homeotropic transition of 5CB.

This convenient TEM grid cell provides a new method for the selective detection of
cholesterol.
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