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ABSTRACT: The ability to obtain a molecular-level understanding of phenomena at
solid-liquid interfaces, ranging from mass to conformation change, is the key to developing
and improving many chemical and biological systems, as well as scientific and medical
applications. Surface plasmon resonance (SPR) and quartz crystal microbalance (QCM)
techniques are frequently coupled to achieve this ability. In this work, we divided the various
experimentally relevant scenarios into the following six categories: boundary solution,
surface modification, conformation, viscoelastic properties, molecular ruler, and mass
sensitivity. For each case, based upon theoretical analysis, we discuss the following four
points: (1) the different types of information that can be obtained, why it can be obtained, and
how to obtain it, (2) the origins of many current approaches and why they are imperfect, (3)
the guidelines for experimental design, and (4) the possible studies, such as the effect of
dimensional confinement and adsorption force on the ability of conformational change to
occur upon receiving external stimuli and the hysteresis in this change, of discrete adsorbates

at solid-liquid interfaces.

| INTRODUCTION
Phenomena such as the adsorption of polymers and biomolecules onto solid-liquid interfaces,
and the conformational change of adsorbates upon receiving external stimuli, are prevalent in
nature and central to many chemical and biological processes, as well as scientific and
medical applications. The adsorption (deposition, adhesion) of biomolecules onto blood
vessel, oral tissues, and cells, etc., may result in many diseases (infectious diseases,

idiopathic dilated cardiomyopathy, stroke, etc.).! However, the adsorption of polyelectrolyte
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onto these systems has a variety of biomedical applications,® such as in vivo repair of
damaged blood vessels.®> The biocompatibility of implants and in vivo sensors is dominated
by the conformation of adsorbed proteins on their surfaces.* The conformational change of
polymers at solid-liquid interfaces, in accordance with external stimuli, offers exciting
possibilities for the fabrication of adaptive, responsive, and smart interfaces.’ This capability
is relevant to many biotechnological and biomedical applications, and has attracted
considerable interest for developing a range of sensors, including chemical gratings,
microgravimetric, micromechanical, and optical transduction of chemical signals.”

The ability to obtain a molecular-level understanding of such phenomena is the key to
developing and improving these chemical and biological systems, as well as scientific and
industrial applications. However, this remains a formidable challenge. The information of
polymers and biomolecules at solid-liquid interfaces is much richer than that at solid-vapor
interfaces or in bulk solution. For instance, they have a variety of conformations and
orientations,® which rely heavily on the surface coverage, solvent quality, strength of
molecule-substrate interaction, molecular weight, etc.

One possible method to obtain such ability is to combine different techniques. Amongst all
of the combinations of related techniques, the alliance of quartz crystal microbalance (QCM)

7,8,10-14

and one mass sensor, mostly surface plasmon resonance (SPR) and sometimes

ellipsometry,®1>18

is very attractive. This combination can provide a wealth of information on
adsorbates, including the areal mass, film thickness, hydrodynamic effects, viscosity and

shear modulus, conformation (rupture of adsorbed intact vesicles and formation of bilayer,

etc.), local mechanical properties, size, height-to-width ratio, lateral distribution, and intrinsic
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viscosity.”*® SPR and QCM techniques can share the same sensor surface, and have the
significant flexibility for designing thin film platforms. They are relatively easy to use. They
work in the liquid phase, and can monitor the changes in situ with a reasonable time
resolution and high sensitivity, without requiring labels, etc.

The combination of different techniques to obtain as much information as possible requires
an in-depth understanding of the response mechanisms and data analysis under different
conditions. The data analysis of SPR is relatively simple. A detailed description of this sensor
can be found in Sl 1. It consists of a transparent optical substrate coated with a thin (~ 50 nm)
metallic (Au, or Silver, etc.) film. When light propagates from the substrate to the film, total
reflection occurs if the incident angel is larger than the critical angle, and an evanescent field
is generated in the film.?>** When this wave couples with the electron (surface plamson) in
the film surface to drive them to resonant, the intensity of the reflected light is significantly
reduced.?®# This critical incident angle @is the SPR signal. Although & has been reported to
measure the conformational change of adsorbed layer,?® in general A@ is proportional to the
mass change on top of metallic film (eq S3), Am.”®#'%** From the mass estimation, other
information like the structural properties of adsorbed layers (thickness, surface concentration,
fractional coverage, etc.) can be obtained.?> However, it is not very clear for determining
certain characteristics under specific conditions, such as the criteria for mass amplification
and sensitivity improvement.

The data analysis of the QCM is extremely complex. The technique comprises a thin
quartz crystal sandwiched between two metal electrodes that establish an alternating electric

field across the crystal, causing vibrational motion of the crystal at its resonant frequency (Sl
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1). This frequency is the QCM signal. In gas phase, the Sauerbrey equation is valid, Af/Am =
-fimq, where mq is the areal mass of quartz crystal.?* In liquid phase, however, with increasing
Am, Af/Am may remain constant, with large fluctuations depending on the species,? or
decreases monotonically, with varying functions to maintain the ratio.*>*>*® Although many

models have been developed for modeling QCM signal, %%

a simple and direct relation
between Af and Am has not been realized until one of soon to be published studies.™
Furthermore, these models are difficult to use because of their complex form, questionable

8,12,15,16,18,30-32

preconditions, etc. The simple approximations and empirical models, such as

the finite element method simulation’® and trapped liquid coat model, ™2

are
phenomenological and valid only in some specific cases. Therefore, an in-depth illustration of
the physics of QCM technique in different scenarios has not been published.

In the past several years, using QCM technique we measured adsorption of polymer®® and
nanoparticles,® and desorption of lysozyme,® revealed the effect of calcium cation on lipid
vesicle deposition and osmotic stress on membrane fusion,* investigated the lipid exchange
between membranes,®” probed the viscosity of boundary polymer solution of tens of
nanometers size.* We also numerically calculated the responses of SPR and QCM techniques
to the properties of adsorbed layer,®® and exploited the origins of the different responses.*’
The comprehensive understanding of SPR and QCM techniques coming from these studies
enables us to formulate guidelines for approaching SPR and QCM data interpretations for
various experimentally related conditions. The scenarios are divided into six following cases:

boundary solution, surface modification, conformational characterization, viscoelastic

properties, molecular ruler (contacting surfaces), and mass sensitivity. In every case, based

Page 6 of 41



Page 7 of 41

©CoO~NOUTA,WNPE

Analyst

upon the theoretical analysis, we show: (1) what types of information can be obtained, and
how to obtain it, (2) the limitation of many current interpretations, and our new understanding,
(3) the guidelines for proper experimental design, and (4) the potential interesting studies, as

well as the significance of these studies.

I BOUNDARY SOLUTION

The simplest application of SPR and QCM is to measure the refractive index and viscosity of

d,22,40

a Newtonian flui respectively. In this case, the shear acoustic and evanescent waves

dissipate their energies in a homogeneous medium. The measured thickness is represented by

21,22

the characteristic decay length, 14, and the penetration depth, o (the distance into the liquid

where the wave amplitude has fallen by a factor of e), respectively?®?’

A | &tey

| =— 1

d 27'C gé ()

S— |2 @)
Pp®@

where 4, & n, and p are the incident light wavelength, dielectric constant, viscosity and
density, respectively, @ = 2=f is the angular frequency, subscript b and m indicate the bulk
solution and metallic film, respectively.

Using Fresnel equation and Voight model (equations S1 and S6), we calculated the SPR
and QCM responses versus a solution’s refractive index and viscosity, respectively (Figure 1).
For SPR, A@ increases proportionally with increasing n (Figure 1A). This agrees with the

following equation, which was simplified with Fresnel equation
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From equations S3 and 3 above, for a semi-infinite solution, SPR technique measures the
refractive index in the regime l4/2, using the same equation for a thin adsorbed layer.
Af increases linearly with viscosity in a double logarithmic scale (Figure 1B). This is

consistent with the Kanazawa-Gorden equation*
Ao L |pna @
2wtm, 2
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Fig. 1 SPR (A) and QCM (B) responses versus the refractive index and viscosity of a semi-infinite solution.
A=632.8nm, g =3.24, hy, = 50 nm, &, = -18.04, f = 15 MHz. The solution of n = 1.33 and 7 = 0.001 Pa-s

is used as the reference. The overtone of resonant frequency is 3.

Equation 4 is a simple method to estimate the validity of QCM data. It implies that for such
7
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a solution, the Sauerbrey equation (equation S5) remains valid, with a new definition of the

mass

Am:g ﬁ;gé‘ (5)
2\ po 2

This is the same as SPR technique under the same condition.

From the results in Figure 1, for a dilute aqueous solution at 20 °C (p~ 1.0 g/cm®, n~ 1.0
mPa-s, n = 1.33) and f = 5 MHz, a 0.1 RU and 0.1 Hz shift (the maximum resolution of
current commercial equipment) in @and f indicate a 1.6 x 107 and 1.6 x 10 mPa-s change in
refractive index and viscosity, respectively. These correspond to the detection limit of 0.8 and
5.33 pg/mL in the case of a refractive index increment of 0.2 mL/g and an intrinsic viscosity
of 30 mL/mg, respectively.

For a viscoelastic fluid, both viscosity and shear modulus affect the propagation of shear

acoustic wave, and so the energy dissipation will be complex. The Voight model shows that:

Af oL \Enw\/\/ﬂzmzwz+u_ﬂ\/\/u2+f72w2—u
- 2

6

2mm, 1+’ W+’ ©

AD-_L [P VE e’ —p K e’ +p ,

_—fm 2 nw 2 2 2 H 2 2 2 Q)
mfm, 1+’ 1 +n'w

If pis known beforehand, then it is very easy to calculate the solution’s viscosity and shear
modulus.®

A solution measured by SPR and QCM under these conditions can be defined as a
boundary solution, as the effective thickness is on the scale of 15/2 and &2, respectively. In
the past, this type of solution was generally regarded as the bulk. This may come from that in

most cases the semi-infinite solution is extra-diluted, of which the viscosity, density and
8
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refractive index approach the solvent. If the solution is semi-dilute, this consideration may be
not valid.

The refractive index is a result of the local polarizability of the atoms and chemical groups,
which is due to the deformation of the electron configuration about the nuclei, and therefore,
it is insensitive to the long-range structure of polymers. The refractive index of a boundary
solution is the same as that of bulk solution.

The motion of a polymer relies heavily on its long-range structure, and can be significantly
altered by the size of the environment. For polymer films on solid-vapor or liquid-vapor
interfaces, the film viscosity depends strongly on the thickness smaller than about 100 nm.*4©
This critical value is on the scale of &in a viscous solution, as shown in Table 1. Similarly,
the viscoelastic properties of a boundary polymer solution may differ from the bulk solution.
By varying the value of 6, which can be realized by changing f, the viscosity profile of a
longitudinal concentration homogeneous polymer solution can be obtained. Our recent results
showed that for a dilute boundary solution of PEG (molecular weight of 20 k), the viscosity
decreases with increasing solution thickness, suggesting that the boundary solution closer to
the solid substrate has a larger viscosity.*4©

Furthermore, by probing the dependence of a in the formula [7] = KM® on boundary
solution thickness, an understanding of the effect of nanometer size scale of the environment
on the conformation of discrete polymers or biomolecules can be developed. Here [7] is the
linear coefficient in the relation between viscosity and concentration. Such linear relation for
38(c)

boundary polymer solution has already been proved.

In summary, for a boundary solution, SPR is a refractive index and concentration sensor,
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while QCM can be used to obtain information relating to the viscoelastic properties of

polymer solutions, and reveal the effect of size and confinement at the nanometer size scale

©CoO~NOUTA,WNPE

on the conformation of discrete polymers and biomolecules near a solid-liquid interface.

15 Table 1 The characteristic decay length of evanescent electromagnetic field, and the penetration depth of

18 shear acoustic wave in different mediums (f =5 MHz, &, = -18.04).

20 Parameters (p: g/cm?, 7: mPa-s) lg/ 2 6(nm)

23 Gas p~10° 1n~10° s~1 ~0.657 ~ 252
26 Viscous solution p~1,n~16~182 ~0.475 ~ 252
Viscoelastic medium p~1,1n~106~225 ~0.422 ~ 800

31 Solid film p~1, n—o o e~3.24 ~0.312 — ©

0 111 SURFACE MODIFICATION

39 One of the greatest advantages of SPR and QCM is their significant flexibility for designing
42 various film platforms. Before testing the efficiency of one platform, its influence on SPR
and QCM signals should be accurately evaluated. The dependences of SPR and QCM signals
47 on properties (thickness, refractive index, viscosity, and their profiles) of the modified layer
50 are shown in Figures S2, S3 and S4. The similar behaviors can also be found elsewhere.?2"%
In brief, in thin film limit, SPR signal is proportional to the refractive index shift (J(n(z) -
35 np)dz) of the film. On the contrary, QCM signal depends strongly on the specific value of

58 surface layer viscosity and its profile. These consist with the experimental results.”®*? S| 2

discusses the origins of these different responses.

10
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Therefore, SPR signal is unaffected by the rigidity of the layer. It only requires a thin layer,
generally less than tens of nanometers, to avoid the significant energy loss of evanescent
wave. The QCM technique prefers a solid layer, since the viscosity profile of a modified layer
is expected to be constant. The thickness is infinite in principle, and can be as high as tens of
micrometers in practice.

The discussions above are based on the ideal situation, a laterally homogeneous film, for
simplified data analysis. However, the layer is often laterally heterogeneous. In this situation,
we need to pay attention to whether the desired information can be exploited qualitatively or
is unavailable.

For example, it has been widely reported that modifying the surface with nanowires and
nanoholes, which are tens to hundreds of nanometers thick, to improve the detection limit.*®
The capture enhancement was monitored by optical microscopy, etc.** The downsides of
these methods include ex situ measurement, complex experimental operation, etc.

In this situation, evanescent wave dissipates in part or completely in the nanowires and the
fluid between them (Figure 2A). The SPR detector measures the change in the fluid’s
refractive index.

The well between different nanowires or nanoholes can be sealed by the lipid bilayer.**
SPR technique provides an excellent tool to observe the translocation mechanism of
nanoparticles of different shapes, and other functional molecules, across this bilayer. The
sensitivity of such technique increases with decreasing nanowires thickness.

These modified surfaces have also been measured by QCM technique.*® The fluid between
the nanowires behaviors as rigid during high shear oscillation, and therefore, the energy loss

11
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of shear acoustic wave in such liquid is negligible (Figure 2B). QCM measures the mass

between nanowires, as well as the viscoelastic properties of the layer above the nanowires.

©CoO~NOUTA,WNPE

10 The relationship between the properties of the layer above the nanowires and Af is complex,

12 making such measurement qualitative.

w
o

50 Fig. 2 Different sensitive regimes of SPR (A) and QCM (B) techniques on nanowire modified surfaces.

o4 IV CONFORMATION CHARACTERIZATION
57 IV.1 SPR: Qualitative Conformation Characterization of Thick Layers

60 SPR technique has been used to monitor the conformational change of layers at solid-liquid

12
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interfaces.?® This conflicts with theoretical calculations (Figure S4A, and ref 39(c)) and most
experimental results,”'0%4
The origin of such a difference is that SPR technique is sensitive and inert to the
conformational change of thick and thin layers, respectively, as shown in Figure S4.

To establish a relationship between the refractive index of a thick layer and the resulting
A6, similar to equation S3 for the thin layer, a properly weighted factor is required. According

to Jung et al.,**

since light is used to probe the refractive index, it is natural to assume that the
proper weighting factor at each point in the layer should be proportional to the intensity of
light at that point. The evanescent electromagnetic field decays exponentially into the film,
E(z) = Eeexp(-z/lg).2* The intensity of light is the field strength squared, so it decays with

distance z into the metal surface as exp(-2z/lg). The A8 of a homogeneous film is thus

4r &

dn | 2h
AB~ L B o = e 8
icose(ngrgb) g, dc o el l, ) ©

The validity of this factor has been examined before,?! and can also be proven here. From

Figures S2A and S3A, for a homogeneous bulk solution and a thin film, it has AG@ = 62.57 An
and A@ = 0.474 An x h (the unit of h is nm), respectively. Expanding A@ = 0.474An x h to a

semi-infinite layer, we have

AO=0.474An j exp(—2z/1,)dz = 0.4741,An/ 2 9)
where
| =2 |- % _ 261.52nm (10)
2n &
AO=61.98An (11)

Therefore, the collapse of adsorbates leads to the increase of the term c¢i1 - exp(-2h/lg)],

13
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showing that A& is independent of the conformation of adsorbates.
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and as a result, the increase of A@. Swelling is the inverse process of collapse and results in a
decrease of A6.

Since l4 and the size of most polymers (biomolecules) are approximately two hundred and
several to tens of nanometers, respectively, the conformational change of adsorbates
generally does not affect A8. This is why SPR signal is usually insensitive to the
conformation of adsorbed molecules. However, for the case of polymer brushes, where the
polymers are extensively stretched, A& depends on the conformation.?®

Please note that the external stimuli used to produce the conformational change of the
adsorbates may also lead to the change of the value of [&n/(&n + &)]°(-a/&m)¥?dn/dc. To

quantify the conformation information, a new parameter, X, is recommended where:

hy

X = J.c(z)exp(—?)dz =

5 g 4n Em 2\/ &g dn
Acosé g, +¢, &, dc

AG

(12)

This new parameter depends only on the conformation (surface concentration profile),
since the effects of the external environment are eliminated.

Finally, it should be noted out that this monitoring is qualitative, as it is impossible to
establish the relation between A@ and the properties (concentration and thickness, or
concentration profile) of adsorbed layer at solid-liquid interfaces. In case of a homogeneous
layer with known total mass, the film thickness can be obtained from equation 8.

IV.2 QCM: Qualitative Conformation Characterization by the Variation of Af with
Fixed Surface Mass.

QCM technique has become popular for studying the conformation of chains at solid-liquid

interfaces.”2“%*® The ability to take in situ conformation measurement is one of the greatest

14
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advantages of QCM technique. Unlike evanescent wave, the energy loss of shear acoustic
wave in a thick layer is neglected, as the thick layer generally has a rigid inner-layer. The
sensitivity of QCM technique to the conformation of molecules at solid-liquid interfaces
cannot be attributed to the decreasing sensitivity of shear acoustic wave with increasing
distance to the sensor surface. This is proven with the results shown in Figure S4. The same
form of conformational change results in the same variation of Af, regardless of layer
thickness.

Furthermore, QCM technique offers Af and AD (SI 1).2*?" The change of Af, the
relationships between AD (AD/(-Af)) and Af, and between Af and Am, can all be used to probe
the conformation of chains at solid-liquid interfaces. However, a clear, definitive explanation
remains a formidable challenge, because of the rambling experimental results.

Concerning the change of Af, the most widely accepted explanation is that QCM technique

measures the wet mass

Af = Am,,, (13)

m,

where

Am,, = Am,_ +Am (14)

solvent
During conformation changes, the amount of solvent interacting strongly with the chains also
varies.

In this section, we offer another interpretation based on the Voight model and the
relationship between surface viscosity and concentration. The distance to the sensor surface

and the thickness of sub-layer 1 is h and Ah (Ah << h << ), respectively. Sub-layer 2 is

above sub-layer 1, and is the same thickness. Their properties are proposed to be the same, ¢
15
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= Cr, 111 = M2, Pr1 = pro. FOr simplicity, the shear modulus is omitted. Their QCM responses

are?’

SO Ty (15)

g i

Af, = Af, =

For a chain in sub-layer 2 entering sub-layer 1, then

AN T g (16)
mq 77f1

Af, =
The changing trend relies on the specific values of /7 and /777 . According to the
value of /71, two cases are plausible.
Case 1:
M 2 217, (17)

and therefore

. Ah
Af, > —”rfn— f >2Af, (18)

q

This means that the collapse of a chain in the semi-dilute or concentrated regime results in
a decreases of Af.

Case 2:

M <1y <217, (19)
meaning that the layer is dilute. In this case, the relationship between 7 and c can be written
as

17 = (L+ 7764 C)72, (20)
where 7 is the reduced viscosity. We define a new viscosity, 7, = [1 +7,, 2cu]m , which

means

16
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1-1 _on-Th) (21)

o i

and therefore

77red1

(22)
1- Mred lcfl

77;'ed =
The changing trend of Af during the conformational change of discrete adsorbates depends on
the specific values of 7eq1 and 7eq/(1 - 7re1C1). The quantitative determination of 7eq for
chains at solid-liquid interfaces is hard, but it may have the same conformation dependence
as the chain in a bulk solution.

In a dilute polyelectrolyte solution at fixed concentration, with decreasing chain size,
which can be realized by increasing salt concentration, 7.eq decreases, t00.* In a dilute
neutral polymer solution, 7 reduces to intrinsic viscosity, [7], which is independent of
concentration and generally regarded as the ratio of the volume occupied by a single
molecule to the molecular weight. At the same time, as stated in one of our recent papers, the
value of 7yeq for discrete chains at solid-liquid interfaces is dominated by the overall size of a
single chain, not the concentration of the sub-layer.*® As a result, the collapse of chains would
result in the decrease of 7eq and Af.

Therefore, we provide an alternate model of how QCM could measure the conformational
change of chains at solid-liquid interfaces. In this view, the collapse of the adsorbed layer
decreases the QCM signal.

The actual situation is more complex, but the conclusion remains. The existence of shear
modulus leads to a greater acoustic contrast between the layer and background
(1 +n’0” >n’w’), and makes case 1 the dominant situation.

17
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In addition, if the surface coverage is small, Af from adsorbed chains would also be small.

It is very difficult to eliminate the signal attenuation by the background. Therefore, the
surface coverage in this situation is in general very high, further indicating that case 1 is the
most likely situation.
IV.4 QCM: Conformation of Discrete Chains from the Relationship between Af and Am.
As stated in the introduction, in liquid phase, the relationship between Af and Am is very
complex. When Af is proportional to Am, the coefficient depends on the species.” Two effects
are deemed to be responsible for such dependence. One is the bounded water effect.?*® The
other is the friction effect.”® When values of apparent added mass (Amgcm/Am - 1) were
plotted against values relating to the friction (antimobility), such as values of the molecular
weight divided by the sedimentation coefficient, the inverse of the diffusion coefficient, and
the volume divided by the surface area, there were good linear correlations. On the basis of
an energy-transfer model, the apparent added mass in the aqueous solution was explained by
the frictional effect at the interface between adsorbates and the aqueous solution.

The disproportionate relationship between Af and Am has attracted a greater interest as
more information can be extracted.

During the vesicle to supported phospholipid bilayer formation process and streptavidin
binding on top of a biotin-modified lipid bilayer, Af decreases with increasing Am.'? Reimhult
et al. attributed this decrease to the temporal variation in the coupled water mass per adsorbed
biomolecules mass. This mass is defined as

mVoight
=—-1 23
2= m (23)

where myeignt 1S the mass calculated from Voight model.
18
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During the adsorption process, the surface coverage is usually low. In this case the film is
composed of discrete nanosized objected. Johannsmann et al. concluded that the QCM
response in such films is governed by hydrodynamic effects and the motion of
surface-adsorbed particles.>'®3? They have shown that these effects and motion can be
modeled empirically™ and understood fundamentally.'® ** From finite element method (FEM)
simulation, the stress distribution around the surface-bound particles was calculated and used
to derive the frequency and dissipation change.*®3* With molecular geometry and mechanical
parameters as a starting point, the coverage-dependence decrease in sensitivity of QCM in
laterally heterogeneous films can be reproduced without the need for fitting parameters.

To interpret the coverage dependent QCM response during the adsorption of Lyophilized
streptavidin, lyophilized avidin, cowpea mosaic virus, avidin, AnxX5, AnxA5 mut, etc.,
Bingen et al. developed a trapped liquid coat model.”>'® Phenomenological, the
hydrodynamically trapped liquid can be rationalized as a coat that surrounds each adsorbed

molecule. The fractional trapped liquid is defined as

Am
AmQCM

H=1-

(24)

This model relies on an independent measurement of Am. The fractional trapped liquid H
vs Am, is then fitted. The magnitude of the fractional trapped liquid and the rate of the
decrease with increasing coverage are sensitive to the conformation of particle and internal
liquid content. If particle weight and lateral distribution are known, the fit yields particle size
and height-to-width ratio. If the particle size and orientation on the surface are known, the fit
provides information about the lateral distribution of particles. With increasing coverage,

these coats increasingly overlap, leading to a decrease in the fractional trapped liquid, and so
19
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does the QCM response.*®

Common to all these approaches, except friction effect, is that the mass measured by QCM
technique includes the trapped liquid. The extent of this trapping is governed by the
adsorbate’s surface coverage, size, shape, orientation, molecular weight, etc. It also relies on
the interactions between the adsorbate and solvent, and substrate.

This hydrodynamic effect concept comes from the hydrodynamic interactions in polymer
physics.® In dilute bulk solution, these interactions are strong between the monomers and the
solvent within the pervaded volume of the chain. When the polymer moves, it effectively
drags the solvent within its pervaded volume with it.°

This hydrodynamic effect on the QCM signal is useful for qualitative interpretations of
why the value of -Af/Am is larger than that in the Sauerbrey equation, and why this value is
sensitive to the species of object investigated. However, initially there is no obvious
demarcation separating trapped solvent from free solvent. On the other hand, the
hydrodynamic effect in dilute solutions can be probed by techniques such as dynamic light
scattering,® which quantitatively measures the amount of trapped solvent. In addition, these
approaches cannot show us the physics of the dependence and independence of -Af/Am on Am.
While the solvated size would decrease with increasing grafting density when the adsorbed
chains begin to overlap, it should be fixed once the average distance is much larger than the
size itself (i.e., the surface coverage is very low).

We recently found that if the adsorbed film satisfies four preconditions, pr ~ o, 15 << 1w,

7= (1 + [77]c) o and [r7]ct << 1, then™
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Three of these preconditions, pr ~ oy, 1 << nrwand [r]cs << 1 are valid as long as the surface
coverage is low, which is the same as the case discussed above. Although equation 25 cannot
provide the physics of the specific relationship between ¢ and Am, and between H and Am, it
shows that the disproportionate response between Af and Am is attributed to the nonlinear
relation between surface viscosity and concentration.

Another form of equation 25 is [7] = -(mg/fpp)Af/AM, where my/fp, can be determined
beforehand. Then, from measured -Af/Am and a calibration curve (specifically, multiply by
mo/fp), 1t is very convenient to obtain the intrinsic viscosity of discrete adsorbates at
solid-liquid interfaces, as shown in Figure 3.

The great success of viscosity measurement describing the conformation of discrete
polymers and biomolecules in bulk solution® has naturally led to using this method to probe
the conformation of isolated molecules at solid-liquid interfaces. This idea had not been
realized until the formulation of equation 25. From this equation, theories and models to
analyze the physical meaning of intrinsic viscosity can be introduced to exploit the
information hidden behind the flexible value of Af/Am, which contains the special character
of the conformation of molecules at solid-liquid interfaces.

In bulk solution, the relationship between the value of a calculated from the formula [7] =
KM?, and the conformation of a single molecule, has been well-established.*® For end-grafted
molecules, [7] estimated by equation 25 is determined by the conformation of the whole
molecule, using [77] = KM?, too. For weakly physisorbed molecules, [77] = KM? and [77] =

KM are suggested for M smaller (end-grafted on the solid substrate) and larger than that of
21
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an adsorption blob, respectively. A detailed description of the conformation analysis from the

value of Af/Am in this case can be found elsewhere.!®

©CoO~NOUTA,WNPE

10 For a viscous solution (Newtonian liquid), Af/f = -Am/mq, and p[77] = 1 since Am = pd/2.
12 The rough relationship between the conformation (the size of whole chain for end-grafted and

15 adsorption blob for physisorbed) of adsorbate and the value of -Af/Am is shown in Figure 3.

20
21
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23
24
25
28
29
30
31
32
33

Calibration curve

[77]

48
49 A

52

> -AflAm

55 Fig. 3 The qualitative relation between the conformation of discrete chains at solid-liquid interfaces and the
58 value of -Af/Am. A: viscous fluid, B: end-grafted compact molecules, C: physisorbed coil molecules. D:
end-grafted coil molecules.
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The conformation measurement of discrete adsorbates at solid-liquid interfaces based upon
equation 25 can be further expanded. This is qualitatively shown in Figure 4. Curves A and B
represent the coil-globule-coil transition of the discrete end-grafted chain. Such transition can
be induced by changing temperature, pH, etc. Curve C means the size of the chain directly
adsorbed from the aqueous solution at the same condition. Figure 4D shows the
corresponding variation of Af, or -Af/Am, since Am keeps constant in such process. In the past,
because of the ambiguous physical meaning of Af, a comprehensive analysis of such process
is hard. But now from equation 25, it is clear that the variation of Af implies the change of
intrinsic viscosity, or in other words, the size, of discrete adsorbates. The possible difference
of Af between curves A and B exposes the conformation hysteresis, while that between curves
A and C reveals the influence of dimensional confinement on the ability of conformational

responsiveness to external stimuli.

4—

g 1
B — =
=mlEE -

Fig. 4 Sketched plots showing the effect of the dimensional confinement, etc., on the conformational

=

change of the flexible molecules at solid-liquid interfaces.
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IV.5 QCM: Qualitative Characterization of Conformation Change from Energy Loss
View

The specific relation between AD and Af has been frequently used to probe the
conformation of adsorbates at solid-liquid interfaces. The physics behind this method is quite
simple: Af is proportional to areal mass, AD/(-Af) exhibits the energy loss per unit mass of
adsorbates.?®?” Large and small values of AD/(-Af) indicate viscous and rigid adsorbed layers,
and coil and globule states of adsorbates, respectively. Figure 5 qualitatively shows the
relation between the slope in AD - (-Af) plot and the conformation of discrete adsorbates in
the case of a small surface coverage and a minimal hydrodynamic interactions between
adsorbates.®® Typical applications include the measurement of structural change and phase
behavior of the chains during adsorption,*® the conformation of thermoresponsive polymer
brush,*” and pancake-mushroom-brush transition of adsorbed polymers.*®

Two relationships between AD/(-Af) and Af have been reported. Gizeli et al. found that for
end-grafted ds-DNA, AD/(-Af) depends on the shape, length L (or base pair number), and the
bending point of ds-DNA, regardless of the grafting density.>® For straight ds-DNA, AD/(-Af)
~ L% They deemed that Af ~ Am, AD ~ [r7]Am, and AD/(-Af) ~ [7] ~ L*. They used this ratio
to distinguish the different shapes and sizes of DNA, as well as study DNA conformation in
hybridization processes.*

The other relationship is that AD/(-Af) decreases linearly with increasing -Af. The value of
-Af when AD/(-Af) approaches zero is proportional to the size of the adsorbates.'®*! Therefore,
the height distribution and average particle diameter can be obtained. This proposed method
is supposed to be independent of adsorbed molecule geometry and surface packing geometry,
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and can be used to study the orientation of deposited molecules.*

Fig. 5 The relation between the conformation of chains at solid-liquid interfaces and the corresponding AD
- (-Af) curve. A: viscoelastic or viscous boundary solution, B: coil chain, C: semi-coil chain, D: globule

chain.

The imperfections of such method are that, on one hand, a universal experimental relation
between AD/(-Af) and -Af has not been found. It remains ambiguous what property of
adsorbed chains results in the change of AD/(-Af) with increasing -Af. On the other hand, in
the liquid phase, no simple proportional relation between Af and Am with a constant

coefficient has ever been theoretically derived. The physics of AD remain ambiguous today. A
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large amount of theoretical works are required to explore the valuable information obtained
from different experimental results.

However, the shear acoustic wave amplitude decays quickly in a soft medium and slowly
in a solid, as shown in Figure S5. From this, AD relates to the conformation, compact or
extended, solid or soft, of chains at solid-liquid interfaces.

In addition, AD = 0 indicates a solid layer. In this case, Af is proportional to the layer
thickness with a constant coefficient, as will be discussed below. Therefore, although it is not
clear why the decrease of AD/(-Af) should be linear, it is not surprising that the size of rigid
molecules can be obtained from the value of -Af when AD/(-Af) approaches zero.

One point that needs to be emphasized is that this method of conformation measurement is
completely different from that of the value of -Af/Am. From the theoretical view, we bridge
intrinsic viscosity, a concept that was presented decades ago, and the flexible value of -Af/Am.
This method has definite hypotheses and a clear physical meaning. Contrary to this, the
physical meaning of AD/(-Af) is ambiguous. From the applied view, the method of Af/Am
requires a low surface coverage and a linear relation between surface viscosity and mass. The
independent variable is mass. The method of AD/(-Af) refers to both the discrete and crowded

states of adsorbates. The independent variable can be either the conformation or the mass.

V VISCOELASTIC PROPERTIES OF AN ADSORBED LAYER
As pointed out above, the thickness, hs, density, pr, shear viscosity, 7, and modulus, g, of
an adsorbed layer were introduced to give a reasonable interpretation of Af and AD. It is
natural to try to calculate these properties from Af and AD.
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However, it is impossible to obtain three parameters from measured Af and AD. A
compromise is to fit equations S6 and S7 with Af and AD under different overtones (3, 5, 7, 9,
11, and 13) to obtain the most optimized 7, 4 and ms (or hg). In such fittings, the layer is
assumed homogeneous. The shear viscosity and modulus are independent of shear frequency,
or the relations are stated beforehand with several variables. For example, within a limited
frequency range, they are approximated by power laws with exponent oy and o, 1 =
no( el an)™, and u = w0l an)®, where ay is an arbitrarily chosen reference frequency.? It is
very easy for users to determine 75, 4 and mg (hg), and parameters such as g and . A
detailed description of these algorithms can be found elsewhere.?®%

A limitation of this method is that, both theoretical and experimental studies have proved
surface concentration at solid-liquid interfaces decreases with increasing distance to the
sensor surface. This also holds true for viscosity and shear modulus. In addition, the
assumption that the viscosity and shear modulus are frequency-independent or the
dependency follows power laws is valid only in a small frequency range. Additionally,
coupling of the material to the surface of QCM sensor leads to additional relaxation, making
the relation between viscoelastic properties and shear frequency more complex.

The significance of this method lies in the lack of ways to estimate the viscoelastic
properties of a thin film at solid-liquid interfaces, simply and quantitatively. Parameters
calculated from the Voight model can be considered as the effective properties (hesr, 75, and
Lert) Of the ideal layer (the viscoelastic properties are homogenous and shear frequency
independent) which results in the same Afand AD. The process is shown in Figure 6. Though
the detailed relations between the effective and actual properties are not clear, it is reasonable
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that different actual properties lead to different Af and AD, and thus different effective

properties.
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12 Afand AD of a Heterogeneous Film
14 at different overtones

L I

18 Voight model of a
20 Homogeneous Film
21

|

24 Neft> Lerrand mass of a Homogenous
25 Film

28 Fig. 6 Calculation of the viscoelastic properties of a thin film at solid-liquid interfaces.

33 VI MOLECULAR RULER AND CONTACTING METHOD

36 Thickness is one important parameter of the film. For physisorbed polymers and
38 biomolecules at solid-liquid interfaces, the layer thickness provides a simple estimation of the
41 size of an adsorption blob. The effect of adsorption force on the size of an adsorption blob
a4 can also be probed.® For end-grafted or surface initiated polymerized polymer brushes, this is
46 a convenient way to study how the thickness responds to external stimuli.*’

49 SPR technique provides the maximum mass and number (Ammax and Nmax) of adsorbed
52 molecules. For flexible molecules, which do not have a definite relation between Nmax and
o4 layer thickness, SPR signal cannot provide the thickness without calibration. If the molecules
57 are rigid, there is at least a relation between Nma and the averaged surface occupied by a

60 single molecule, s, where
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s=1/N,,=MN —( )’ (- ) i

1A0,, (26)

m

where Na is Avogadro’s number. The contacting surface or orientation can be obtained from
the value of s. For a particle of length a, width b, and height ¢ (a > b > c), the relation
between s and the contacting surface is shown in Table 2 and Figure 7. With increasing
differences between the length, width and height of the rigid molecules, the ratio of blank
space between adjacent molecules to occupied space decreases, and the precision of this
method increases.

For QCM technique, if the layer is dense, which means

He + 10" >> i@ (27)
from Voight model,?” we have

he ~—m,Af / T (28)

Currently, QCM is an alternative tool to characterize the film thickness by virtue of its
acoustic principle to measure mass and viscoelastic properties of adsorbed layer. This
conclusion has been verified by experimental results. For example, the values of Af are -13
Hz and -26 Hz for lipid monolayer and bilayer, respectively.® For the polymer film at
solid-liquid interfaces, a reasonable assumption is often pr ~ 1 g/cm®. In this case for
commonly used 5 MHz crystal sensor, 1 Hz shift in f indicates a 0.17 nm change in thickness.
This technique of estimating the film thickness is named the “molecular ruler”.*?

For irregular rigid molecules, information such as the contacting surface and orientation
can be obtained. Table 2 and Figure 7 show how to retrieve this information from Afyax. This
estimation is consistent with the evaluation of particle size from the value of Af when AD

approaches zero.'®

29
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39 !
42 Fig. 7 Relationships between Afm.x and Afyax, and the contacting surface of rigid molecules of size a, b,

44 and c, at solid-liquid interfaces.

50 Table 2 Relationships between the average surface area of every molecule from SPR technique, the
52 thickness of an adsorbed film from QCM, and the contacting surface of the rigid molecules with length a,

55 width b, and height c at solid-liquid interfaces.

58 Signals Contacting surface

60 s<ac bc
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ac<<s<ab ac
¢ <-meAfffpr<b
ab<s ab

-mgAfffpr < c

VII DETECTION LIMIT AND MASS AMPLIFICATION
Mass sensitivity may be the most important parameter of a mass sensor. To enhance it,
common methods include improving the quality factor,>® modifying the surface with a
functional film to enhance the capture efficiency or binding constant,*® and linking the target
molecule with other molecule to amplify the mass.> However, for each measurement
technique, there are improvements based on a technique’s specific response mechanism that
cannot be used by others. We discuss such methods for QCM and SPR techniques below.

From equations S3 and S4, a larger value of [&n/(&n + &)]%(-ab/&m)™?

indicates a higher
sensitivity of SPR measurement. Figure 8 shows that it increases slightly with increasing &,
and decreasing &m, since their variable ranges are just tens of percent.

From equation S5, the sensitivity (mass change for a 1 Hz shift of f) increases
exponentially with a factor of 2 when f is increased, since mq ~ 1/f. In this case, with f
increases from 5 MHz to 5 GHz, the sensitivity increases from 17.7 ng/cm? to 17.7 fg/cm?.

Such method has been adopted long ago.>® The highest resonant frequency reported is 180

MHz.>® Uttenthaler et al. created crystals operating in the 19 - 119 MHz range.’’ They

showed empirically that f and mass change relationship has in fact a larger exponent of 2.88.

31
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Furthermore, there is a 200-fold improvement in detection sensitivity for M13 phase binding

to the 56 MHz crystals compared to the same system on 19 MHz crystals. These results

©CoO~NOUTA,WNPE

indicate a more dramatic thickness dependence of mass and detection sensitivity of QCM
12 technique than theoretically predicted.

15 However, with increasing f, (1) the sensor becomes increasingly fragile, the thickness
18 should be thus larger than one specific value to ensure an excellent oscillation in liquid phase,
20 (2) the penetration depth of shear acoustic wave decreases, indicating a smaller measured
23 thickness regime on top of sensor surface, (3) the difficulty of the precise measurement of the
26 oscillation amplitude increases, the investigators may have to build their own oscillator
28 circuits, (4) the liquid properties begin to affect the results. These may be why the maximum f

31 of commonly used quartz crystal is 27 MHz.
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59 Fig. 8 (A) dependences of [en/(cm + &)*(-a/em)™? and [en/(em + &)]*(-en/&m)2dn/de on the refractive

index of the background, & = - 18.05, and (B) dependence of [&n/(&n + &) ]2 (-&/&m)"2 0N &m, Ny = 1.333.
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At the same time, A and Af are proportional to dn/dc and [7] of adsorbed molecules
(equations S4 and 25), respectively. For SPR technique, the ideal solvent is one in that dn/dc
is large. Figure 11A shows that [n/(en + &)]*(-&/&n)*2dn/dc increases by approximately a
factor of four, when n, decreases from 1.4 to 1. Here dn/dc = 1.5 - ny,, where 1.5 is assumed to
be the refractive index of the species investigated. To obtain the maximum sensitivity for
QCM technique, the ideal solvent is one in that the molecule is extensively stretched, and the
ideal substrate is one where substrate-adsorbate interactions are the weakest (i.e., the
molecule is end-grafted on the substrate). Therefore, the sensitivity of SPR technique in the
vapor phase is larger than in the liquid phase. On the other hand, the sensitivity of QCM
technique decreases significantly, as p[#] ~ 1 in the gas phase, and p[7] >> 1 in liquid phase.

The discussion above has also had a significant impact in mass amplification. Metallic
nanoparticles are generally used in this process.® They are perfect for SPR technique,
because of their high mass and high refractive index. They are not ideal for QCM technique
as the intrinsic viscosity is very small. The molecules with high mass and intrinsic viscosity,
such as DNA molecules of a large number of base pair (for example, T2, M = 115 M, [n] =
3.16 x 10" mL/mg>®), are perfect for QCM techniques. For a comprehensive understanding of
the effect of properties of linked molecules on the mass amplification efficiency of SPR and

QCM techniques, large amount of experimental results are required.

Table 3 Summary of the Differences between SPR and QCM.
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Boundary Solution

index and polymer concentration can be
about 1.7 x 107 and 0.8 pug/ml,

respectively.

depicts the profiles of viscosity, shear
modulus, and the polymer conformation as a

function of the distance to the solid substrate.
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Surface Modification

The thickness is less than tens of
nanometers. The roughness and rigidity

are not problematic.

Smooth and rigid film, with a thickness less

than tens of micrometers.
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Solvent

Improved slightly by decreasing the

refractive index of the solvent.

Improve ten times by selecting a solvent that

sufficiently stretches the molecule

From Gas to

Liquid Phase

Decreased by several times.

Mass sensitivity can be improved by one to

two orders of magnitude.

Parameters of

the Equipment

Improved slightly by decreasing

dielectric constant of metallic film.

Improved by several orders of magnitude by

improving f.

Mass

Amplification

Prefers molecules of large refractive

index and mass.

Prefers molecules of large intrinsic viscosity

and molecular weight.
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VIl CONCLUSIONS

The increasing popularity of the combination of surface plasmon resonance and quartz
crystal microbalance techniques reveals the power of this combination for probing the
phenomena that take place at solid-liquid interfaces. Large amount of information, such as
areal mass, conformation (solvation, hydrodynamic effects, intrinsic viscosity and lateral
distribution), film thickness, contacting surface and orientation, viscoelastic properties, of
adsorbates and adsorbed layer at solid-liquid interfaces can be extracted. In this paper, based
on theoretical calculations and analysis, we have outlined the different types of information
that can be obtained, why it can be obtained, and how to obtain it, with SPR and QCM
techniques in various experimentally relevant scenarios. The major results are summarized in
Table 3.

Additionally, for evaluating the conformation through QCM, we also: (1) showed the
origins of the current phenomenological interpretations and why they are imperfect, (2)
provided one explanation as to why the resonant frequency shift is sensitive to
conformational change, based on the relation between surface viscosity and surface
concentration, (3) offered one method to quantitatively probe the conformation of discrete
polymers and biomolecules at solid-liquid interfaces.

This paper has also formulated the guidelines for designing proper experimental
procedures in different situations, such as calibrating the effect of a modified surface, and
quantifying the mass amplification efficiency before the experiments. Numerous experiments
are required to demonstrate how to obtain the information of the phenomena occurring at

solid-liquid interfaces as accurate as possible, from the combination of SPR and QCM
35
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techniques.
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