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Alginate, or alginic acid, is an unbranched binary copolymer ef4)-linked -pD-mannuronic acid and.-L-
guluronic acid. Alginate readily forms binding interactions with a variety of divalent metal ions, such as calcium.
This binding has been used to cross-link bulk alginates for a wide variety of applications, particularly in areas of
tissue engineering, medical devices, and wound-healing dressings. A new method is identified here for producing
Cé&*-cross-linked thin films of sodium alginate, using an aerosolized spray of,Gaftition. These thin films

exhibit structural color that varies with film thickness. It is demonstrated that this structural color is highly
reproducible and can also be tuned to produce a wide range of colored films. The noted ability of alginates to
bind metal ions is used in combination with the structural coloration afforded by the thin film structure as a basis
for color-based optical sensing of metal ions in agueous solutions. Changes in film thickness, refractive index,
and reflectivity in response to metal ions have been measured and reported. For certain ions such as Cr(lll) and
Cr(VI), changes in film thickness are the predominate factors in shifting the reflected film color. In the case of
other ions such as Pb(ll), a change in film refractive index plays a significant role in the reflectance properties
of films.

Introduction tions&°9 It has been demonstrated that thin films of structurally
colored polymers can undergo perceptible color shifts when
Structurally Colored Thin Films. Materials that modulate  exposed to selected analytes, such as metallic ions. Past work
light, such as irises, lenses, and reflectors, are among the moshas focused on thin films of poly(allylamine) and the biopolymer
intricate structures found in nature. Many organisms achieve chitosan (a soluble form of chitin), which were found to have
reflectivity by modulating incident sunlight or bio- optical response to certain cations in aqueous soldtfon.
luminescence through a process known as structural colotafion. The changes in color observed as a response to dissolved
Structural color is caused by the interaction of light with 5.\ tes may be attributed to a combination of two factors. First,
ngnosgale periodic structures. When Ilght encounters materialsy, polymeranalyte interaction may lead to a change in the
with mlrjute structural features (on a size scalg comparab!e to optical properties of the film by altering its index of refraction.
that of light wavelengths themselves), it is subject to a variety ¢ jnstance, cation exchange or the sorption of metallic ions

.Of opft|cal effeg’.tf? mc_ludlng s_lnglef-r and mrl]JInplg-Iayer t?'nﬁf'lm can change the effective refractive index of a film, leading to a
Interference, diffraction grating eftects, photonic crystal eftects, g i, its reflected color. Alternatively, the analyte species may

el oo
liquid crystal effects, ,and scatterifig’ . . cause three-dimensional conformational changes in the film,
. Anumbe(riof naFuresmostlcoIor]flul cregtt)ures, '”CI|Ud'”9 many physically altering the optical path length distance. This
Insects and marine animals, reflect vibrant colors using a .,nformation effect may occur when analytes bind or otherwise

mecEacrjusm of stacked, thin Iaé/_ers Of. b|o|me;]teﬁ‘ar§hese | interact with polymer chains, or when analytes change the film's
stacked structures act as one-dimensional photonic crysta S'equilibrium water content and cause shrinking or swelling.

allowing selective reflection of certain wavelengths of light, . - . .

while negating other wavelengths by out-of-phase interference. .Alglnate Thin Films. Alglqates are a family of .unbr.anched
A single- or multiple-layer biopolymer thin film of appropriate binary copolymgrs O_f (t-4)-linked ﬁ-D_-mannuronlc _a(:|d (M).
thickness is capable of mimicking this type of natural system. 2nda-L-guluronic acid (G) groups (Figure 1a). Alginates with
These thin films reflect structural colors that are independent various Mand G composmons are produced by a number of
of any intrinsic color, derived from electronic-based light ©r9amisms and are constituents in the cell walls of brown
absorption, which the polymer might possess. The colors of 2l92€*

structurally colored films shift according to Bragg’s law, in  Alginates interact with a variety of metallic species through
which the optical path length is a function of the film thickness several mechanisms, including electrostatic and ionic interac-

and index of refraction. Light reflecting from the aifilm tions, covalent-like bonding, coordination, and redox reac-
surface undergoes constructive and deconstructive interferencdions2-16 This ability to bind and adsorb metals has led to
with light reflected at the underlying polymesubstrate inter- alginate’s use for recovery of both toxic pollutants and precious
face, leading to selective wavelength reflection. metals from aqueous effluents!”1° By making use of

Structurally colored thin films have a variety of potential alginate’s ability to bind metals, the potential sensing capabilities
applications, including use as novel reflective and camouflage of alginate thin films were investigated. If the binding of ions
materials and as a platform for optics-based sensing. This lattercauses physical changes in thickness or optical changes in
point of interest has been the subject of several prior investiga-refractive index, the reflectance color profile of a film is

correspondingly altered. In cases where the reflectance shift is

*To whom correspondence should be addressed. E-mail: cschauer@SUﬁiCienﬂY pronounged, it becqmes possible to visually detect
chis.ece.drexel.edu. a change in color with the unaided eye.
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available to stabilize cation binding. However, there is signifi-
cant evidence that charge interactions between carboxyl groups
and metal ions do not, by themselves, adequately describe the
binding observed in cation-induced gelation.

OH Studies published in 1961 by Schweiger indicated that
™~ acetylation of alginate hydroxyl groups inhibited gelation in the
presence of divalent ions, suggesting that carboxyl groups are
2 not solely involved in the binding proce$%3°Rees and Grant

et al. proposed the binding of divalent cations occurs in the
context of a coordination sphere, involving oxygen atoms from
carboxyl and hydroxyl groups, as well as from the ring and
glycosidic linkage (Figure 1.32Variations in the exact steric
arrangement of the coordination sphere have been proposed from
X-ray diffraction and NMR spectroscopy studi&s$? but the
basic coordination principle is well-accepted. A key feature of
this complexation theory is that ring oxygen and axial O-1 of
guluronic acid subunits form a favorable coordination geometry
for multidentate binding of divalent cations, compared with the
less favorable geometry achieved by mannuronic acid’'s equato-
rial O-1 atom. Blocks of repeated guluronic subunits present
rich metal-binding opportunities and can be represented by the
“egg-box” model illustrated in Figure 1b, in which a series of
divalent calcium (or other cations) are coordinated within the
G-block segments of the alginate chain, similar to the packing
of eggs in a carton.

It is pertinent to note that the alginate salt used in our study
consists of 69% M and 31% G subunits, as reported by the
atoms (shown as darkened circles) participate in this coordination supplier. It should be expected that alginates with other M/G
arrangement. This system is commonly referred to as the “egg-box” ratios would exhibit differences in metal ion selectivity and/or
model. sensitivity. This phenomenon has been observed and commented
Iupon in a variety of publications in recent deca¥e%:29.31.35

Figure 1. (a) Alginate is a biopolymer made up of randomly
assembled subunits of guluronic acid (G) and mannuronic acid (M).
Alginates exist with a variety of ratios and sequencing of these G
and M blocks, imparting a range of different polymer properties. (b)
Alginate cross-linking readily occurs in the presence of divalent
calcium ions. Regions of the alginate chain rich in G subunits, which
order into “zigzag” structures with cavities of appropriate size for
divalent metals, have heightened specificity for Ca2* because of
favorable geometric ordering for coordination. A number of oxygen

To measure the response of alginate films to aqueous metal
salts, it is necessary to first make the polymer water-stable
through cross-linking. Cross-linking of the alginate thin films
was achieved through binding of divalent calcium ions, a well-
known strategy used for cross-linking bulk alginate materials.  Materials. Alginic acid sodium salt from brown algae, ethylenedi-

A great deal of research has been published on alginate’saminetetraacetic acid (EDTA), and all metallic salts were purchased
propensity for heightened viscosity and gelation in response to from Sigma-Aldrich. The alginate salt had an approximate mannuronic/
multivalent cationg%-24 Bulk calcium-cross-linked alginate has  guluronic ratio of 1.56, a degree of polymerization range of-4600,
been used in numerous applications, particularly in areas of and a molecular weight range of 8006020000. Metallic salts used
tissue engineering, medical devices, wound-healing dressings,nclude chromium(V1) oxide, mercury(ll) nitrate monohydrate, lead-
and drug delivery Systerﬁ§28 Because C& (in concentrations () nitrate, cadmium(ll) chloride, arsenic(lll) oxide, sodium nitrate,
high enough to ensure thin film stability) causes gelation of cobalt(ll) acetate, disodium hydrogen phosphate, sodium chloride,
alginate almost instantly, we were unable to use typic&Ca sodium sulfate, lead(ll) acetate, nickel(ll) sulfate heptahydrate, sodium
cross-linking procedures for our alginate films. A new method acetate, chromium(lll) nitrate nonahydrate, and chromium(lll) chloride.
is identified here for producing heavily cross-linked alginate Calcium chloride solution (2.75%) was obtained from VWR. Al
thin films, using a procedure that allows for controlled exposure chemicals were used as received. Room-temperature ultrapure water
of the c;l mer to an aerosolized spray of dissolved GaCl (Millipore QPAK system) was used to make all solutions and for silicon
poly . ) pray ...._wafer cleaning and film rinsing procedures.
aqueous solution. These films possess excellent water stability Thin Film D » s L inki »  sodi
and are resistant to water-induced thickness changes. In contrast,I . ":[] fim _ep?smoré Znt orlcl)ss- n |ndg_. Qtljanélt_les?’g Sf 'IL.‘m ;
studies of structurally colored thin films of covalently cross- alginate, ranging irom 9. 10 ©.4 g, Were disSoed in U m- aliquots
linked chitosan have indicated a notable drop in film thickness of ultrapure water. The solutions were filtered in bulk through a coarse
with water exposuré P fritted glass filter funnel and degassed in a sonicator for 5 min. Further

. filtration was performed using 0.@m Nalgene syringe prefilters
The negatively charged carboxylate groups make up the (VWR). Small amounts of solutions+0.3 mL) were dispensed onto

largest component of titratable sites along the alginate backboney ;g ments of polished silicon wafers (of typical area 6.2%)cifihe

and are key to alginate’s cross-linking and metal-binding gjjicon wafers had been previously cleaned using a modified RCA
mechanisms. It has been noted that many metals exhibit protocol® Thin films were produced by spin coating the wafers in a
maximum sorption behavior at pHs correlating to the dissocia- \s-400B-GNPP/LITE/AS spin processor (Laurell Technologies, North
tion constant of carboxylic acids in brown algal materidls.  wales, PA) operating at speeds between 1000 and 4000 rpm for 30
Literature values for thek, of alginate have been reported in 60 s. After coating, the films were dried under a stream of argon while
the range of 3.383.65, depending on the relative concentrations on a hot plate at the lowest temperature setting.

of mannuronic and guluronic acid suburf$:or an intermediate To achieve cross-linking, an aerosol spray of 2.75% calcium chloride
structure containing both residues and k&, of 3.44, it is solution was applied to the films for periods ranging from 10 s to several
reported that the carboxyl groups along the alginate backboneminutes. The films were then rinsed for 10 s in ultrapure water and
are deprotonated above pH 60thereby making the groups  dried again under an argon stream on a hot plate. CDV

Experimental Section
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EDTA Treatment. To establish C# ions as the thin films’ cross- to predict wavelength reflection. The modeling parameters chosen
linking agent, cross-linked samples were exposed to EDTA, a calcium included an unpolarized broad-band light source back-reflected at an
chelator. Solutions of EDTA at concentrations of 0.001, 0.01, and 0.1 angle normal to the film surface, with the assumption that the optically
M were made using ultrapure water and neutralizedh \witM NaOH. dense silicon substrate would require no backside correction. The
Cross-linked alginate films on small fragments of silicon wafer were generated model reflectance profiles were compared with experimental
placed in shallow sample dishes with 20 mL of the EDTA solutions. reflectance data measured with the reflectance spectrometer. The
Film samples immersed in ultrapure water for the same period of time reflectance spectrometer used was a USB2000 miniature fiber optic
served as a control. After 5 min, the liquids were decanted from the spectrometer with DH-2000 deuterium tungsten halogen light sources
sample dishes and the samples were dried. Thickness, refractive index(Ocean Optics, Dunedin, FL). Experimental reflectance data were
and reflectance measurements were made before and after EDTAmeasured normal to film surfaces.
treatment for comparison. Each measurement was performed with three replicate samples, with

FTIR. FTIR studies on alginate samples were carried out using an the error reported as the standard error of the mean (SEM) between
Excalibur FTS-3000 FTIR instrument (Digilab). Spectra were obtained replicates. Statistical calculations using paitedsts were performed
in transmission mode from samples in KBr pellets. A drop of sodium to determine whether statistically significant changes in thicknesses,
alginate solution was placed between two glass microscope slides torefractive indices, or reflection maxima occurred after immersion of

form a flat liquid film. The liquid was allowed to evaporate, producing

samples several times thicker than the thin films prepared on the spin-

the films in the 50 ppm ion solutions.
Profilometer Study. The physical and optical properties of thin films

coating apparatus. However, the surface area to volume ratio wasare strongly coupled, and it can be challenging to discern which

deemed acceptable for this investigation of thin film cross-linking.
One of the film samples was sprayed with an aerosol of €aCl

component has shifted to alter a film’'s reflectance properties. To
confirm our measurements of the relative contributions of thickness

solution. After 10 s of exposure, the sample was rinsed under ultrapureand refractive index effects to the color shift, an optical white light
water and dried under argon. The second sample was examined withoutprofilometer (Zygo Corp., Middlefield, CT) was used to corroborate
CaCkt treatment. The films were carefully peeled from the slide surfaces thickness changes of two groups of alginate films, consisting of three
and incorporated into KBr pellets for FTIR analysis. replicate samples per group.

lon Studies. To test the response of alginate thin films to dissolved An artificial step was scratched in each film using a razor blade,
metal species, aqueous solutions were made containing 50 ppmand the height difference between the film surface and the underlying
concentrations of several metallic cations and pertinent counteranions.substrate was measured along 10 nearby points in the region of the
Alginate films were placed in sample dishes containing 20 mL of the scratch. Each film was then placed in a metal ion solution for 5 min.
solutions. After 5 min, the liquids were decanted and the films dried One group of films was immersed in an ion solution believed to cause
under argon on a warm hot plate. Ellipsometry and reflectance data predominantly physical changes in the film thicknesses. The second
were gathered for each sample and compared with data obtained priorgroup was exposed to an ion solution in which both significant physical
to ion exposure. Film thicknesses and indices of refraction were and optical changes were indicated. After solution exposure, the films
determined using an M-2000U variable-angle spectroscopic ellipsometerwere dried under argon on a hot plate and measured again on the
(J.A. Woollam Co., Lincoln, NE). profilometer to determine the thickness change. These results were

An ellipsometer measures changes in the phase and polarized statgompared with those determined using the ellipsometer.
of an electric field upon reflection to calculate information about a
sample’s physical and optical propertiéa this case, the thickness
and refractive index of a biopolymer thin fild4.3° The data provided
by the instrument are the Stokes parametfiéandA, which are related
to the Fresnel reflection coefficients of light parallel and perpendicular
to the plane of incidenceR, and R.*® The ratio of the Fresnel
coefficients, called the reflection coefficient ratio, is given by the
expression

Results and Discussion

Initial attempts to create a calcium alginate film consisted of
several different cross-linking techniques. First, various amounts
of CaCl solution were added to alginate solutions prior to spin
coating. Because of the rapidity of cross-linking, insoluble
alginate gels formed before films could be produced. The
Rp/Rs = tan(¥) g (1) difficulty of producing homogeneous gels through direct mixing

has been previously noted, as the alginate and calcium are likely
Data from the alginate thin films were gathered over a wavelength range to form a dispersion of gel lumpg$§.Other attempts were made
of 200-1000 nm at a typical reflectance angle of60 to incorporate C& into the films during spin coating with the

The refractive indices of the films were calculated using the Cauchy use of an automated dispensing mechanism attached to the spin
parametrization function, which yields the refractive index dispersion processor. This device controllably released a stream of CaCl
as a function of the wavelength,(um). The thin films were analyzed  solution over the silicon wafer as it was being coated. However,
using the first three Cauchy fit parametefs,B, andC: cross-linking occurred only in small, localized regions where
C the CaC} solution initially contacted the film surfaces, leaving
= portions of the film un-cross-linked and, thus, soluble. Cross-
A linking by direct immersion of films into Cagl proved
successful in some cases, although this technique sometimes
led to a disruption in the quality of the film surfaces and
negatively affected the structural coloration. The final, successful

Levenberg-Marquardt regression algorithm to minimize the mean ?‘pproaCh in_ creating Smoc_)th’ reproducible CaIC_ium a'gi”f?‘te films
standard error (MSE) between the experimentally obtalifeand A involved using an aerosolized spray of Casilution. This light
terms and model curves. This fitting was accomplished through Mist of solution delivered the Gaions to the films without
adjustment of the Cauchy parameters and thickness in a series of errodiSturbing their surface structures, an important consideration
minimization calculations. Convergence was reached when the algo- for maintaining even coloration.
rithm was unable to minimize the MSE through further iterations, 10 demonstrate the repeatability of the spin-coating deposition
yielding the reported thickness and refractive index measurements. process, 24 films were spun from a single solution using
Using thickness and refractive index dispersion data gathered from identical deposition parameters. Each film was exposed to
the ellipsometer, model reflectance data were generated in WVASE32 aerosolized CaGlsolution for 10 s before being rinsed ae:(bv

n(/1)=A+%~I— @

All refractive index values presented in this study are reported at a
wavelength of 589.3 nm (the mean sodiurdline). Fitting was
performed with the WVASES32 software (J.A. Woollam Co.) using a
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thin films shown in Figure 3 are all one-layer samples produced

n A a|-1.514 ; ’ s . :
1304 A L 512 ina S|.ngle appllgatlon cycle and illustrate the versatile control
_ u s 1510 _ over film coloration.
E 1257 " Ajdagds - 1.508 % The visible regime reflectance profiles accompanying the
& 120+ _'=.I.:.|L Aua ::'ggi =} image in Figure 3 show a comparison between experimental
§ 1154 E:. aah [ 1500 @ reflectance measured with the fiber optic reflectance spectrom-
5 L] L 1 500 g{ eter (solid curves) and model reflectance calculated with
£ 1104 L1498 @ thickness and refractive index parameters determined by ellip-
1054 - - 1.496 sometry (dashed curves). The experimental and modeled spectra
100 A ':-::‘2‘ have been normalized (with the smallest and largest values.from
thickness refractive index ' each data set scaled to 0% and 100% reflectance, respectively).
1004 I The modeling software used thickness and index dispersion data
004 b to predict, with good accuracy, the wavelength position of
804 minima and maxima along the reflectance curve. Deviations in
2 the normalized reflectance intensity along the vertical axis may
E 60 be rooted in approximations and assumptions used in the
8 504 modeling calculations, but may also be an indication of slight
T 404 color heterogeneity at different points in the films’ surfaces.
X 304 This effect becomes more pronounced as the film thickness
20 increases and the surface topology becomes less planar, produc-
104 ing slight color variations that are visible to the unaided eye
9200 P P P P (particularly in the magenta and orange f|Irr_1$). Because the
wavelength (nm) s_arr_lples were mea_sured using two d|ff(_arent instruments (ywth
similar but slightly different sample spot sizes), it was impossible
. ! l . ! ': to ensure that a film was measured at precisely the same spot
on both instruments. Nonetheless, the modeled data generated
by the ellipsometer were a good match for the reflectance
. ! . . - - observed experimentally, providing confirmation that the physi-
cal and optical parameters measured by the ellipsometer are
. .a ; . . -l experimentally sound.
- EDTA Treatment. Previous research of alginate micro-
' spheres cross-linked with €aions has indicated that cross-
. . - ! . ‘ linking is reversible if samples are exposed to a calcium ion
- chelating agent, such as EDTATo demonstrate that calcium
Figure 2. Twenty-four alginate films were made from a single solution ions are responsible for the films’ water stability, samples that
using identice_ilhspin-coating condition§to demonstratethe repeatability had been cross-linked with CaCsolution for 10 s were
of the deposition process. () The films’ thicknesses were centered immersed in neutralized solutions of EDTA at concentrations
on avalue of 119.5 + 1.1 nm. The Cauchy-calculated refractive index, .
n, at a light wavelength of 589.3 nm was 1.507 + 0.0008. Lateral _as IO_W a$ 0'0_01 M. Control measuremen_ts_ _Wer_e ma}de using
spread of data points in each column is used to emphasize clustering identical films in ultrapure water. The mean initial film thickness
of measurements about the mean thickness and refractive index. (b) was 117.3+ 1.4 nm. The samples exposed only to water
The reflectance of the 24 films is plotted as an averaged curve (black) underwent no statistically significant changes in thickness,
with standard error (red). The mean reflectance maximum was varying from the initial measurements by 0450.9 nm. All

measured at 379.3, with little standard error among the samples (+2.9

nm). (c) The films exhibit a brilliant blue color and smooth surface. films treated with EDTA solution were completely dissolved

and were no longer detectable by ellipsometry or reflectance.

dried. This aerosol application technique allows the calcium to Therefore, we are confident that thin film integrity is maintained
be evenly applied over the film’s surface without the problems by c_oordlnatlo_n interactions betwgen nggatlvely charged alginate
associated with directly dipping the films into solution. The ¢chains and divalent calcium cations in a process that can be
evenness of cross-linking is evidenced by the films’ retained 'eversed by the addition of a calcium chelating agent.
smoothness and virtually constant radial coloration from the FTIR. The FTIR spectrum of an alginate film subjected to
center to the edge. The thickness, refractive index, and sprayed CaGlsolution was studied to identify spectral features
reflectance properties of the films were analyzed and are associated with G4 binding. The FTIR spectrum of a Ca-
reported in Figure 2. The 24 samples had an average reflectancdreated alginate film is presented in Figure 4, along with the
maximum of 379.3 nm#2.9 nm), a thickness of 119.5 nm spectrum of a similarly prepared but non-cross-linked sodium
(1.1 nm), and a refractive index of 1.50%@.0008). alginate film. Previously published research on bulk samples
Control over the structural coloration of alginate films is also has indicated a number of key differences in the spectra of
highly tunable. Films of various thicknesses were produced with sodium and calcium alginaté*?>#3and several of these features
a wide variety of reflected colors. Because of the short duration are observed in the FTIR spectra of the two films. In thé'€a
of the C&" cross-linking cycle, it is possible to rapidly coat cross-linked alginate sample, there is a general broadening of
multiple layers of cross-linked alginate on the substrate to the peaks at-1630 and 1420 cni, representing the asymmetric
achieve different reflectance effects. However, it is also possible and symmetric stretches of the CO@roup. The signal near
to adjust reflectance properties in a single coating by varying 1420 cnt!in cross-linked alginate is reduced in intensity when
the polymer solution viscosity (through the concentration, compared to the corresponding signal in the non-cross-linked
molecular weight, pH, temperature, etc.) and processing vari- sodium alginate sample and is shifted to higher frequency in

ables (spin-coating velocity, acceleration, and duration). The the presence of G&, from 1415 to 1420 cm'.*2 The asym-p,
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Figure 3. Film thickness can be tuned with solution viscosity and spin-coating velocity. The thicknesses of these films (nm) are 266.5 (magenta),
226.2 (orange), 219.9 (yellow), 122.4 (aqua), 102.8 (blue), and 95.8 (purple). The mean refractive index is 1.521. Normalized reflectance spectra
in the visible wavelength regime (solid curves, measured from reflectance spectrometry) are shown for each film, along with the model predictions
for the same wavelength range (dashed curves, calculated using ellipsometer-determined thickness and index values). There is good agreement
between the positioning of minima and maxima in measured and modeled reflectance curves.

metric stretch is also shifted higher, from 1628 to 1638 tm General trends in the changes of the film thickness, refractive
This upshifting trend of the carboxylate stretches for calcium index, and reflectance maximum in response to 50 ppm ionic
alginate relative to sodium alginate is in agreement with signal solutions are summarized in Table 1. Values in bold type were
position movement (from 1416.80 to 1424.23 ¢nfor C—0O found to be statistically significant intest analyses. The data

and from 1620.17 to 1633.8 crh for C=0) reported by from the ion study suggest that changes in alginate film

Volesky1944 reflectance after selective ion exposure are caused by a
The region between 1150 and 1000 ¢nfeatures strong  combination of physical and optical changes within the films.
signals caused by-©C and C-0 stretching. The signal at 1090 In some cases, most notably with the Cr solutions, physical

cm! is attributed to G-O stretching and is considerably changes in film thicknesses make up the predominant response.
strengthened in the spectrum offCa&ross-linked alginate. This ~ The Cr(VI) solution caused a negative change in thickness and
enhanced peak is likely the result of increased strain of the blue-shifting of the reflectance maximum, while both Cr(lll)

carboxyl C-0 as it stretches to accommodate the coordination species caused increases in thickness and red-shifting of the

structure around the €aion. The C-C stretch near 1040 cr reflectance maximum. In the case of all chromium species, the
is shifted to lower frequencies (from 1042 to 1038 7¢jnin changes in film reflection were visible to the unaided eye.
response to the presence of?Caas previously reported. Also The strong change of thickness response of the films to Cr(VI)

apparent is the emergence of an unidentified peak near 1264may seem paradoxical, since the negatively charged polymer
cm~1, which appears in other published spectra of calcium backbone might inhibit binding of the negatively charged
alginate#243 chromate oxyanions. However, it has been noted that Cr(VI)
lon Study. Alginate films were given a brief exposure to 50 adsorption onto binary biopolymeric beads of calcium alginate
ppm solutions containing a variety of ionic species from and gelatin linearly increases with alginate contéfthe gelatin
dissolved salts. Divalent cationic species tested include Hg, Pb,and alginate components impart positive and negative charge
Cd, Co, and Ni. Trivalent cationic species tested include As to the beads, respectively. The relationship between alginate
and Cr. The anions in these salts were nitrates (Hg, Pb, Cr),content and Cr(VI) sorption has been attributed to hydrogen-
chlorides (Cd, Cr), oxides (As), sulfates (Ni), and acetates (Co, bonding effects between the HCyOanions and negatively
Pb). Film responses to nitrate, chloride, sulfate, and acetatecharged sites along the alginate chain or interaction with the
counterions were evaluated using sodium salts. Additionally, calcium ion cross-linker.
the film response was measured for hexavalent chromium oxide, While hexavalent chromium caused the largest negative
existing primarily as the divalent oxyanionic species chromate change in film thickness, exposure of films to trivalent
(CrQ4)?~ at neutral pH, and for disodium hydrogen phosphate, chromium led to the largest measured positive thickness change.
existing as (HPQy)~ and (HPQ)?~ at neutral pH. This is suggestive that different mechanisms are invoIve&B\/
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Table 1. Thin Film Measurements after Immersion in 50 ppm lonic Solutions

A(thickness)ab reflectance max

50 ppm solution (nm) An?b shift¢ (nm)
chromium(VI) (oxide) —19.1+1.0 —0.002 £+ 0.007 —46.6 £ 0.4
mercury(ll) (nitrate) —7.2+£0.6 0.020 + 0.001 —134+29
lead(ll) (nitrate) —-48+18 0.045 £+ 0.015 —-8.3+0.5
cadmium(ll) (chloride) -28+16 0.025 £+ 0.009 -55+0.9
arsenic(lll) (oxide) —-1.6+0.7 0.002 + 0.002 —44+20
water -08+26 —0.001 £ 0.003 05+0.5
(sodium) nitrate 02+11 —0.003 £ 0.002 —-2.1+09
cobalt(ll) (acetate) 0.5+0.7 0.000 + 0.007 —-6.0+ 0.4
(disodium hydrogen) phosphate 08+1.6 —0.007 £+ 0.002 —0.4+£0.6
(sodium) chloride 09+0.6 —0.006 + 0.001 -02+04
(sodium) sulfate 14+14 —0.005 £ 0.002 -0.2+0.5
lead(ll) (acetate) 28+0.9 0.057 + 0.002 85+ 04
nickel(ll) (sulfate) 35+1.0 0.002 + 0.001 6.4+04
(sodium) acetate 4.0+0.6 —0.005 £ 0.002 04+1.7
chromium(lll) (nitrate) 7.2+04 —0.010 £ 0.007 16.0 £ 0.9
chromium(lll) (chloride) 14.7 £0.9 —0.007 £ 0.010 321+0.8

2 Values in bold type denote statistically significant changes, as determined by ¢ tests. The error is reported as the standard error of the mean from
three independent replicate measurements. ? Thickness and refractive index data measured using the ellipsometer. Mean initial film thickness 119.5 +
1.1 nm and mean refractive index n = 1.510 + 0.004. ¢ Reflectance data measured using the reflectance spectrometer. Mean reflectance maximum
346.4 £+ 1.6 nm.
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Figure 4. The FTIR spectra of un-cross-linked sodium alginate and spin speed (r.p.m.)

cross-linked calcium alginate feature several key signal differences,
most especially the enhancement of the C—O stretch near 1090 cm—1
in the cross-linked specimen, in response to the formation of the
coordination sphere around the Ca2* ion.

Figure 5. Thickness and refractive index measurements track
changes in thin films, coated at different spin speeds, in their initial
non-cross-linked states, after cross-linking with Ca2* and finally after
exposure to 50 ppm Pb(ll) in lead(ll) acetate solution. (a) Thickness
measurements can be directly correlated to the spinning velocity in

. . . . the coating process and follow an exponential decay curve as velocity
the interaction between alginate and the two valencies. Work increases. Because of the relatively small thickness change associ-

t?y Ibahiez ?t al. 'nd'cated.that the uptake of mvalem Cr |n.cross- ated with cross-linking and Pb(ll) exposure, there is overlap in the
linked alginate beads is mediated by interactions with the data points. (b) Measurements of refractive index remain essentially
carboxylic functional group, as opposed to the coordination unperturbed by changes thin film processing speed and are not tied
process responsible for &athat also involves other oxygen to initial film thicknesses. There is clearly a discernible difference
atoms in the alginate subunit&4’” The authors concluded that Petween measurements of fims in various states: un-cross-linked
heavy metal cations such as Cr(lll) do not displace the (M€an 7= 1518 & 0.002), cross-linked (mean n = 1.529 + 0.001),

. S and Pb(ll)-exposed (mean n = 1.575 + 0.001).
coordinated C#& (or cross-linking ions). However, the presence
of heavy metal species was coupled with a release of protons,
suggesting that cations such as‘Cwere being ion exchanged  with the conclusion by Haug and Smidsroed that binding metals
with H* from protonated carboxylic groups. This is in agreement were competing with protons for organic binding spots aleﬂgv
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Figure 6. (a) The reflectance profiles of thin films are shown before and after 5 min exposure to water and 50 ppm ionic solutions. Predictably,
there is essentially no reflectivity change after exposure to water, since water causes only negligible changes in thickness and refractive index.
The reflectance of films exposed to 50 ppm Pb(ll) solution (acetate counterion) features a small but discernible change in the reflectance maximum
and an overall change in the curve shape. This reflectance shift is attributed to a combination of moderate thickness and significant refractive
index changes. The chromium(VI) oxide and chromium(lll) chloride solutions cause large film thickness changes, leading to large reflectivity
shifts. In both cases, the reflectivity response to chromium is predominantly mediated by large changes in film thickness. (b) Three film samples
(small pieces taken from one larger film) are shown after exposure to water and Cr(lll) and Cr(VI) solutions. The red- and blue-shifting caused
by alginate interactions with the two chromium species is readily apparent.

the alginate chaif! As illustrated in Figure 1b, cross-linked solutions in this study. This refractive index response to Pb(ll)
alginate does feature free carboxylic (or negatively charged was predictably constant among films of different initial
carboxylate) groups not involved in theTaoordination. These  thicknesses, which were produced by spin coating at different
groups are free to participate in noncomplexed metal uptake. speeds (Figure 5). The measured effect of 50 ppm Pb(Il) on
We have studied film thickness changes in response to threethe physical thickness of alginate films is not extreme, and use
of the metal ions that were also investigated bifilmand his of this physical property as a diagnostic for the presence of lead
colleagues. Their findings of metal uptake from solutions of requires that the experimenter have knowledge of the film’'s
CoSQ, NiSQy, and Cr(NQ)s (35, 43 and 75 mg/g of alginate  dimensions both before and after lead exposure. However, no
beads, respective§p follow the same increasing trend as the such information is required if the refractive index can be
film thickness changes we report for solutions from similar salts measured. The ellipsometer is able to clearly differentiate
(0.5, 3.5, and 7.2 nm positive thickness changes, respectively).between calcium alginate thin films exposed to Pb(ll) ions using
The response of alginate thin films to 50 ppm Pb(ll) (from only a single refractive index measurement, without information
both the nitrate and acetate salts) appears rooted in a moderatabout changes in film thickness or reflectance.
change in physical dimension and a relatively large shift in  Reflectance profiles of thin films before and after exposure
optical properties. The refractive index increase of 0.057 causedto pure water and 50 ppm solutions of lead(ll) acetate,
by lead(ll) acetate is the largest shiftmmeasured among the  chromium(lll) chloride, and chromium(VI) oxide are shown f8bV
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comparison in Figure 6a. As expected, there is negligible color, caused by thin film interference of reflected light. Films
reflectance change in response to pure water. The reflectancehave been produced with repeatable reflectance properties, as
shift after exposure to lead(ll) acetate is illustrative of a case well as with highly tunable reflectivity in a wide array of colors.
where the change in reflectance maximum is relatively small Once cross-linked with CGa, the alginate films demonstrate
(from 354.5 to 363.3 nm), but the overall shape of the reflectance excellent water stability. Samples exposed to the cross-linking
curve is significantly changed, particularly in the UV range and solution for the minimal time of 10 s underwent no statistically
the visible and IR range above600 nm. The color shifting is  significant change in thickness after 30 min of submersion in
subtle, but discernible to the unaided eye. The spectra for thewater. This water stability of cross-linked alginate is highly
two chromium species are examples of significant lateral shifting desirable for analyte sensing in agueous solutions, since film
of reflected color over a broad range of wavelengths, producing response to a targeted analyte must always be normalized against
marked changes in visible appearance. The film samples shownany thickness changes caused by exposure to water (i.e.,
in Figure 6b came from a single silicon wafer coated with a thickness decreases caused by slight film dissolution or increases
cross-linked alginate film. This sample was partitioned into caused by water uptake).
several smaller pieces, so that each piece possessed essentially These cross-linked alginate thin films were exposed to a
identical initial color reflectivity. The small wafer fragments variety of metal ion solutions, and corresponding changes in
were exposed to water and Cr(lll) and Cr(VI) solutions. The film thickness and/or refractive index were measured. The
sample exposed to water exhibited no visually discernible color physical and optical changes led, in many cases, to significant
change from its original blue-violet condition, but the samples shifts in the reflected structural color. Particularly notable are
exposed to Cr(lll) and Cr(VI) exhibit dramatic red- and blue- the large positive and negative changes in thickness associated
shifting, respectively. with differently charged chromium species and the significant
It is possible to draw a correlation between the refractive shifts in refractive index in response to divalent lead. lonic
index data reported in Table 1 and the conclusions about species of several other metals, including mercury and nickel,
alginate’s affinity for various divalent species drawn by Haug also caused statistically significant changes in reflectance
and Smidsroed, who examined the viscosity changes in alginatemaxima of the films through a combination of thickness and
solutions containing these catioflsHaug and Smidsroed refractive index effects.
concluded that different metals have variable affinities for  Although the results presented here suggest the potential of
alginate, as well as variability in the required ionic content to alginate thin films as a color-based metal sensor, there are a
induce gelation. They found that the cation concentration neededgreat many challenges to overcome before these films could be
to achieve gel formation increased in the following order: Pb ysed as a comprehensive optical sensing platform for detection
< Cd < Ni < Co. Our refractive index measurements are in of metal ions in complex wastewaters. For instance, in a study
agreement with Haug and Smidsroed’s ordering sequence: Phof the metal uptake by algal biomass from a solution containing
(An = 0.045 for nitrate salt and 0.057 for acetate salt), 8d ( both Cd and Fe ions, it was determined that the uptake of the
= 0.025), Ni An = 0.002), and CoAn = 0.000). We conclude  two metal species was strongly coupfédhis sort of suscep-
that alginate’s high selectivity for Pb(ll) allows the lead cation tipility to interference by other codissolved metal species, as
to affect a more substantial change in optical properties, well as countless other potentially interfering biological and
compared with other divalent cations at the same concentrationorganic compounds, would be particularly confounding in a
level. complex sample from a source such as a public water supply
Profilometer Study. Optical profilometry was used to  or a river system. It would also be necessary to consider a
confirm ellipsometer-measured thickness changes of two se-number of complicating factors such as pH, ionic strength, and
lected ion solutions, lead(ll) acetate and chromium(VI) oxide. temperature and their effect on the uptake of metals by the films
The Pb(Il) and Cr(VI) species were chosen for this experiment and corresponding reflectance changes. However, further re-
because they caused marked changes in film thickness andsearch in increasing alginate’s selectivity and sensitivity (through
refractive index, respectively, in the metal ion studies performed the use of alginates with different M/G ratios, different cross-
on the ellipsometer. linking strategies, and chemical modifications) might make
The profilometer registered a thickness increase oti2286 optical-based detection of real-world samples more feasible
nm in the films exposed to the Pb(ll) solution, in excellent ysing a multiplex dipstick of different thin films, each with a
agreement with measurements performed using the ellipsometefifferent sensitivity and selectivity for analyte species.
of 2.8 + 0.9 nm. The samples exposed to Cr(VI) registered a
decrease in thickness of25.3 + 0.5 nm, similar to the Acknowledgment. M.D.C. thanks the Koerner Family
ellipsometer measured change ©fl9.1 + 1.0 nm. These Fellowship, U.S. Department of Education (GAANN), and
profilometry measurements are further evidence that signifi- Drexel University’s College of Engineering for support of his
cantly different changes of thickness occurred in response tograduate studies. C.L.S. thanks the Pennsylvania Department
the two solutions, with good correlation between ellipsometer of Health for funding this project. We are grateful to Mr. Greg
and profilometer measurements (within profilometer accuracy Pribil of the J.A. Woollam Co. for helpful discussions on
for thin films of this size scale). The films’ optical responses to ellipsometry and to Dr. Adam Fontecchio of Drexel University
Pb(Il) and Cr(VI) represent two extremes in the optical film for use of the optical profilometer.
response: one in which the cause of reflectance shift is
dominated by a change in effective refractive index and another  Supporting Information Available. Reflectance profiles of

in which the reflectance shift is primarily caused by a change C&*-cross-linked alginate thin films before and after exposure
in film thickness. to 50 ppm ion solutions. This material is available free of charge
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