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ABSTRACT: Assumption-free mass quanti�cation of nano�lms,
nanoparticles, and (supra)molecular adsorbates in a liquid environ-
ment remains a key challenge in many branches of science.
Mechanical resonators can uniquely determine the mass of
essentially any adsorbate; yet, when operating in a liquid
environment, the liquid dynamically coupled to the adsorbate
contributes signi�cantly to the measured response, which
complicates data interpretation and impairs quantitative adsorbate
mass determination. Employing the Navier�Stokes equation for
liquid velocity in contact with an oscillating surface, we show that
the liquid contribution for rigid systems can be eliminated by
measuring the response in solutions with identical kinematic
viscosity but di�erent densities. Guided by this insight, we used
the quartz crystal microbalance (QCM), one of the most widely employed mechanical resonators, to experimentally demonstrate
that the kinematic-viscosity matching can be utilized to quantify the dry mass of rigid and in many cases also nonrigid adsorbate
systems, including, e.g., rigid nanoparticles, tethered biological nanoparticles (lipid vesicles), as well as highly hydrated polymeric
�lms. For all the adsorbates, the dry mass determined using the kinematic-viscosity matching was within the uncertainty limits of the
corresponding mass determined using complementary methods, i.e., QCM in air, scanning electron microscopy, surface plasmon
resonance, and theoretical estimations. The same approach applied to the simultaneously measured energy dissipation made it
possible to quantify the mechanical properties of the adsorbate and its attachment to the surface, as demonstrated by, for example,
probing the hydrodynamic stabilization induced by nanoparticle crowding. In addition to a unique means to quantify the liquid
contribution to the measured response of mechanical resonators, we also envision that the kinematic-viscosity-matching approach
will open up applications beyond mass determination, including a new means to investigate orientation, spatial distribution, and
binding strength of adsorbates without the need for complementary techniques.

� INTRODUCTION
Mass determination of nanosized adsorbates at solid�air and
solid�liquid interfaces is central in many branches of science.
Mechanical resonators are unique in their capacity to
determine the mass of essentially any type of adsorbate at
any surface without a priori knowledge of their physicochem-
ical properties. In vacuum and in air, this is possible due to a
direct proportionality between the measured changes in
resonance frequency, �f, and the adsorbed mass per unit
area, �m. For the quartz crystal microbalance (QCM), which
is the most widely used mechanical resonator, this relationship
is known as the Sauerbrey equation:1

� = � •�m C f n/nQ (1)

where n is the overtone number and CQ is the mass sensitivity
constant, which for a 5 MHz crystal is 18 ng·Hz�1·cm�2 (ref 2).
QCM as well as many other mechanical resonators3�5 can also
operate in a liquid environment and be further extended to

simultaneously monitor both �f n and changes in energy
dissipation, �Dn.

6,7 However, when operated in a liquid
environment, not only the adsorbate but also the surrounding
liquid becomes dynamically coupled to the oscillating crystal,8
a feature that is shared by all mechanical resonators operating
in liquid. While this can in principle provide unique
information about the physicochemical properties of an
adsorbate, deconvoluting the entangled information in the
measured response is an unresolved analytical challenge, as the
measured response in a liquid environment is, in a complex
manner, dependent on the mass of the adsorbate and the
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dynamically coupled liquid�a dependence that is manifested
through changes in both �f n and �Dn of the resonator.9

Still, the rich information contained in combined �f n and
�Dn measurements, especially when complemented with
theoretical models representing the response for viscoelastic
�lms,10�12 has turned out to be very valuable in multiple
research areas, including hydration analysis of organic
polymers,13,14 proteins,15 and biological membranes.15,16

QCM has also been widely applied to monitor and characterize
thin �lms, including porosity determination,17,18 monitoring
the growth of mesoporous materials,19 probing responsiveness
of polymeric coatings,20 and characterization of biomimetic
membranes.21,22 Additionally, QCM has been extensively
employed to study discrete adsorbates such as abiotic and
biological macromolecules and nanoparticles (NPs). These
studies included investigations of biomolecular interactions of
proteins23,24 and viruses;25,26 structure,27,28 con�rmation29,30

and orientation changes31 of biomacromolecules; spatial
distribution,32 size,33�35 deformation36,37 and dissolution38 of
NPs; protein corona formation on amyloids;39 interactions
between NPs and biomimetic membranes;40,41 as well as
bioanalytical sensor development.42�46

Yet, the inseparable nature of the adsorbate and liquid
contributions to the measured response puts a signi�cant
limitation on quantitative interpretation of adsorption
measurements in a liquid environment. In particular, this
shortcoming makes mass determination using mechanical
resonators nonconclusive, unless complementary methods,
such as surface plasmon resonance (SPR), ellipsometry, and/
or atomic force microscopy (AFM) are employed in
parallel.18,47�49

The use of combined experimental setups, e.g., QCM/SPR
or QCM/AFM, comes with many challenges, such as
operation at di�erent spatial scales, requirement for very
complex setups that are inaccessible for most users, and/or the
need for pretreatment procedures that tend to change the
properties of the samples under investigation. Moreover, mass
determination using these complementary methods requires
accurate knowledge, or determination, of the physical proper-
ties of adsorbates, such as refractive index or density.
Accordingly, there has in recent years been an intense, albeit
so far unsuccessful, search for a means to separate the
contribution of coupled liquid using QCM measurements
alone.2 Such a self-su�cient approach would obviate the need
for complementary methods and provide quantitative
information about the adsorbed dry mass and the coupled
liquid contribution, as well as information about the dissipative
energy loss associated with the adsorbate.

We here address this challenge through insights gained from
the fundamental �uid dynamics principles of the Navier�
Stokes equation for liquid velocity in contact with an
oscillating surface50 to show that the elimination of the liquid
contribution to the sensed mass is possible by measuring the
response in solutions with identical kinematic viscosity but
di�erent densities. To experimentally explore this insight, we
used a QCM to investigate whether the kinematic-viscosity-
matching approach can be used to eliminate the liquid
contribution and thus accurately determine the dry mass for a
range of di�erent nanosized adsorbates, including inorganic
rigid nanoparticles (over a broad surface-coverage range), soft
biological nanoparticles (lipid vesicles), and highly hydrated
polymeric �lms. Comparisons with complementary dry-mass
determination using the QCM operated in air as well as

scanning electron microscopy (SEM), surface plasmon
resonance (SPR), and theoretical predictions demonstrate
excellent agreements, thus suggesting that the approach may
o�er a self-su�cient means to quantify the liquid contribution
to the measured response of mechanical resonators enabling
mass determination without the need for complementary
techniques.

� METHODS
Chemicals and Materials. Ethanol (�99.5%) was

purchased from Solveco (Roserberg, Sweden). Sodium
dodecyl sulfate (SDS; � 99.0%), anhydrous methanol
(99.8%), glycerol (�99%), D2O (99.9 atom % D), DCl
(�99 atom % D), NaOD (40%wt.), HCl (1 M), NaCl
(�99%), CaCl2 anhydrous (�93%), phosphate bu�ered saline
(PBS) tablets, bis(2-hydroxyethyl)amino-tris-(hydroxymeth-
yl)-methane (Bis-Tris; �98%), citric acid monohydrate
(�98%), trisodium citrate dihydrate, poly-L-lysine (PLL;
MW = 70 000�150 000), humic acids (HA), (3-aminopropyl)-
dimethylethoxysilane (97%), 150 nm SiO2 nanoparticles
(NPs), anhydrous chloroform (�99%), 1-palmitoyl-2-oleoyl-
glycero-3-phosphocholine (POPC), gold(III) chloride hydrate
(HAuCl4·xH2O, 99.999%), hydroquinone (�99%), O-(2-
carboxyethyl)-O�-(2-mercaptoethyl)heptaethylene glycol
(>95%; MW = 458.6 Da; 500 PEG), and 2100 Da
poly(ethylene glycol) 2-mercaptoethyl ether acetic acid
(2000 PEG) were purchased from Merck Sigma-Aldrich
(Darmstadt, Germany). 5000 Da alfa-carboxy-beta-mercapto-
PEG (5000 PEG) was purchased from RAPP Polymere GmbH
(Tu�bingen, Germany). The following cholesteryl-TEG modi-
�ed DNA oligonucleotides were purchased from Eurogentec
(Seraing, Belgium).

� 5�-TGG-ACA-TCA-GAA-ATA-AGG-CAC-GAC-GGA-
CCC-3�-TEG-cholesterol (ssA)

� Cholesterol-TEG-5�-CCC-TCC-GTC-GTG-CCT-3�
(ssB)

� 5�-TAT-TTC-TGA-TGT-CCA-AGC-CAC-GAG-
TTC�CCC-3�-TEG-cholesterol (ssC)

� Cholesterol-TEG-5�-CCC-GAA-CTC-GTG-GCT-3�
(ssD)

Bu�ers. Four di�erent bu�ers were used:
� pH (pD) = 7.0, 150 mM NaCl, and 10 mM Bis-Tris;
� pH (pD) = 7.0, 150 mM NaCl, 2.5 mM CaCl2, and 10

mM Bis-Tris;
� pH (pD) = 4.0, � 3.8 mM trisodium citrate dihydrate

and �6.2 mM citric acid monohydrate;
� PBS bu�er pH (pD) = 7.4, 2.7 mM KCl, 137 mM NaCl,

and 10 mM phosphate.
Bu�ers were prepared in
� H2O (Milli-Q purity with resistivity �18.2 �·cm; Merck

Millipore, Molsheim, France);
� 100%, 80%, 60%, and 40% of D2O in H2O

corresponding to a molar fraction of D2O,
=x 1.0, 0.8, 0.6, and 0.4D O2

, respectively;
� 4.55 wt %, 3.80 wt %, 2.99 wt %, and 2.12 wt % of

glycerol in H2O, which match the kinematic viscosity, �,
of 100%, 80%, 60%, and 40% D2O solutions,
respectively;

� 10.86 wt % of glycerol in H2O, which match the product
of the density and viscosity, ��, of 100% D2O.
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The physical properties of all these solutions can be found in
Table S1 in the Supporting Information.

The pH of bu�ers in H2O and glycerol/H2O mixtures were
determined using a Mettler-Toledo (Ohaio, US) pH meter.
The pH (pD) for D2O-containing bu�ers were determined
using pH paper, the color of which was compared and matched
against the color of a similar pH paper after submerging in the
corresponding H2O-based bu�er. This procedure was followed
to make sure that the bu�ers prepared in H2O, D2O, D2O/
H2O mixtures, or glycerol/H2O mixtures had the same pH
(pD). Note that bu�er dissociation constants depend on the
chemical environment so the bu�er will behave di�erently in
H2O than in a glycerol/H2O mixture. For this reason, adding
equal amounts of the chemicals does not guarantee having the
same pH; it is therefore necessary to check and adjust the pH
of each solution.

H2O-based bu�ers were sterilized either by autoclaving at
120 °C for 20 min or by sterile �ltration using 0.22 �m
Stericup-GV sterile vacuum �lters (Millipore, France); all other
bu�ers were sterile �ltered using 0.22 �m Stericup-GV sterile
vacuum �lters (Millipore, France). Note that the bu�ers
�ltered through the 0.22 �m Stericup-GV sterile vacuum �lters
caused aggregation of the SiO2 NPs, suggesting that the �lter
membrane released leachate in the bu�er. This problem was
addressed by either prewashing the �lters with bu�er or
autoclaving the bu�ers instead of �ltering them; the latter was
only done for H2O-based bu�ers.

Gold Nanoparticles Synthesis. Gold nanoparticles (Au
NPs) were synthesized and surface-modi�ed with acid-
terminated poly(ethylene) glycol (PEG) with di�erent
molecular weights following the procedure outlined by Perrault
and Chan.51 A seed solution of small Au NPs were made by
quickly heating a 100 mL water solution containing 0.01% (w/
v) of HAuCl4. Once boiling, the solution was kept under
vigorous stirring whereupon 3 mL of 1% (w/v) sodium citrate
solution was quickly added. The mixture was allowed to
continue to boil for 10 min developing a ruby-red color. To
make Au NPs with a diameter of approximately 100 nm, a 100
mL water solution containing 0.025% (w/v) HAuCl4 was
mixed with 0.8 mL of seed solution. The mixture was rapidly
stirred at room temperature whereupon 550 �L of 1% (w/v)
sodium citrate solution was immediately added followed by 2.5
mL of a 30 mM hydroquinone solution. The solution was
continuously stirred for another 60 min until its color had
stabilized, indicating that the reaction was completed. The size
of the Au NPs was determined using AFM to be �70 nm in
diameter. The Au NP concentration was calculated from the
particle size and the amount of gold added to the synthesis
assuming that all gold was consumed during the reaction.

Au NPs were surface modi�ed by the reaction with acid-
terminated PEG-thiols with a molecular weight of 458.6 Da O-
(2-carboxyethyl)-O�-(2-mercaptoethyl)heptaethylene glycol,
2100 Da poly(ethylene glycol) 2-mercaptoethyl ether acetic
acid or 5000 Da alfa-carboxy-beta-mercapto-PEG. On the basis
of the Au NP size and concentration, the total surface area of
the particles in the solution was calculated. Prior to surface
modi�cation, the Au NPs were concentrated 10 times by
centrifugation (1000g, 20 min) and dilution of the obtained
pellet in Milli-Q water. The concentrated Au NPs were mixed
with the di�erent thiol-PEG molecules to reach a �nal
concentration of approximately 10 PEG molecules per nm2

available Au NP surface area. The mixtures were incubated
overnight whereupon the PEG-mod�ed Au NPs were

separated from unbound thiol-PEG and salts by four repeated
runs through centrifuge �lter columns with 300 kDa cuto�
(PALL Nanosep Omega 300k). After the �nal washing step,
Au NPs were kept as a concentrated stock solution until use.

POPC Vesicles Preparation. POPC was dissolved in
chloroform and dried in a 50 mL round �ask under vacuum at
60 °C using a rotavap setup. The dried lipids were left under
vacuum overnight to get rid of any residual chloroform. The
formed POPC lipid �lm was then rehydrated in H2O-based
bu�er to a concentration of 1 mg·mL�1, followed by a very
brief bath sonication to dissolve any small traces of lipids o�
the walls of the �ask. The POPC solution underwent �ve
freeze/thawing cycles, and after which, the sample was
extruded 31 times through 30 nm polycarbonate membranes
(Whatman, UK) using a mini-extruder (Avanti, USA). The size
of the vesicles was �nally determined using dynamic light
scattering (DLS) on Zetasizer Nano ZS (Malvern Panalytical,
UK).

DNA Tethers Preparation. A 45-base pair DNA tether
decorated with cholesterol anchors was prepared by mixing the
di�erent oligonucleotides (ssA, ssB, ssC, and ssD) as detailed
hereafter. A total of 800 �L of 10 �M ssA was mixed with ssB
(AB), as well as ssC with ssD (CD). The mixtures were
vortexed and left to hybridize for at least 30 min at 4 °C.
Afterward, the AB and CD segments were mixed together by
vortexing and left to hybridize for at least 30 min at 4 °C. The
ABCD dsDNA was diluted in PBS to a �nal concentration of
0.5 �M.

QCM Experiments. The QCM experiments were con-
ducted in an E4 system (Biolin, Sweden) coupled to a GX-274
autosampler (Gillson, USA) on AT-cut 5 MHz quartz sensors,
coated with SiO2. The sensors were either used without
modi�cation or after silanization with amine-terminated
silanes. Bare sensors were cleaned by bath sonication for 15
min in 2 wt %. SDS solution, followed by rinsing with Milli-Q
water, then drying under an N2 �ow, and �nally treating with
O2 plasma for 3 min directly before use. The temperature and
�ow rate were kept constant all through the QCM experiments
at 25 °C and 50 �L·min�1, respectively. At the end of the Au
and SiO2 NPs adsorption experiments, the solution in contact
with the sensor was exchanged with ethanol �99.5%, and then
the sensors were dried in situ under an N2 �ow and at a
temperature of 60 °C; �nally, the temperature was lowered
again to 25 °C. This procedure was followed to dry the sensors
for determining the response after drying (in air) and for
further analysis using AFM and SEM while minimizing any
drying e�ects, such as aggregation of the NPs on the surface.
Step-by-step experimental and calculation procedures are
presented in sections S3 and S4 in the Supporting Information.

Silanization of SiO2 Sensors. The sensors were �rst
cleaned by bath sonication for 15 min in 2 wt % SDS solution,
followed by rinsing with Milli-Q water, O2 plasma treatment
for 3 min, immersing the surface of the sensor for 30 min with
4 M H2SO4, thorough rinsing under �owing Milli-Q water,
thorough rinsing with anhydrous methanol, and �nally, drying
under an N2 �ow. The sensors were then incubated in 7.5 v/v
% (3-aminopropyl)-dimethylethoxysilane in anhydrous meth-
anol for at least 30 min. Afterward, the sensors were rinsed
thoroughly with anhydrous methanol to avoid precipitation of
the silanes, which happens in the presence of water or ethanol.
Finally, the sensors were rinsed with Milli-Q water and
mounted in the instrument for use.
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Atomic Force Microscopy (AFM). A Bruker Dimension
3100 scanning probe microscopy system was used for ex-situ
atomic force imaging of the surface of the dried QCM sensors.
The height (z-distance) of both SiO2 and Au NPs were used to
determine their size. Detailed experimental and computation
procedures are presented in section S5 in the Supporting
Information.

Scanning Electron Microscopy (SEM). Scanning electron
microscopy (Zeiss Ultra 55 FEG, in-lens mode, ETH = 2 kV)
was used for general ex-situ characterization of the dried QCM
sensor surfaces and for determination of NP surface coverage.
Images were acquired at a location as close as possible to the
center of the sensor; the area of the sensor which contributes
the most to the QCM signal. We also tried to select an imaging
area that did not show any visible drying e�ects, such as clear
aggregation of the NPs. On the basis of the acquired images,
NPs were counted using ImageJ; the total number of the NPs
was then divided by the area of the image to obtain the number
of NPs per �m2. Features much larger or much smaller than
the size of the NPs were not counted toward the total number
of the NPs. Features which showed a double layer of NPs were
double counted. Examples of these di�erent cases, as well as
detailed experimental and computation procedures, are
presented in section S5 in the Supporting Information.

Surface Resonance Plasmon (SPR) Experiments. The
SPR experiments were conducted using a dual wavelength, 670
and 785 nm, multiparametric SPR Navi420A (BioNavis,
Finland) on silica-coated sensors. The sensors were cleaned
by bath sonication for 15 min in 2 wt %. SDS solution,
followed by rinsing with Milli-Q water, then drying under an
N2 �ow, and �nally treating in a UV/ozone chamber for 45
min directly before use. The temperature and �ow rate were
kept constant at 25 °C and 7 �L·min�1, respectively.

� RESULTS AND DISCUSSION
For QCM, as well as many mechanical resonators, the Navier�
Stokes equation describing the coupled liquid can be reduced
to one of the general textbook equations (see section S1 in the
Supporting Information for detailed discussion),

��
�

= �
t

curl v curl v( ) ( )
(2)

where v is the liquid velocity and � � �/� is the liquid
kinematic viscosity (� and � are the viscosity and density of the
liquid). For �rmly bound rigid adsorbates or for adsorbates
with appreciably larger inertia than that of the adjacent liquid,
the frequency induced by the dry mass of the adsorbate, �f dry ,
and the liquid-related change in frequency, �f liq , are additive.
For such systems, the corresponding no-slip boundary
condition at the surface� and adsorbate�liquid interface
(i.e., the condition stating that the liquid velocity at the
interface is the same as that of the sensor surface and
adsorbate) depends only on the geometry of the interface.
Accordingly, the solution of eq 2, v, depends only on � and the
interfacial geometry. Further, the liquid-related change in
frequency, �f liq , is proportional to the liquid-related force
acting at the surface� and adsorbate�liquid interfaces. This
force can be expressed via v and represented as a product of �
and a function, F(�), which depends only on � and the
geometry. It can be done in general (section S1 in the
Supporting Information), without using an explicit expression
for v. In the context of QCM, F(�) can be designated as kf,

which depends only on � and the geometry as well; i.e., we
have �f liq = kf·�, and thus, the measured frequency response,
�f, is given by

�� = � + � = � + •f f f f ki i f i
dry liq dry

(3)

where i is a subscript introduced in order to specify the type of
liquid in which the measurement is performed (compared to
eq 1, we do not indicate n here). For the change in dissipation
induced by a �rmly bound adsorbate, by analogy, we obtain
(section S1 in the Supporting Information)

�� = � + � = � + •D D D D ki i D i
mech liq mech

(4)

where �Dmech is the term related to the mechanically
dissipated energy, �Di

liq is the liquid-related term, and kD is
the corresponding constant which depends on �i and the
interfacial geometry.

Physically, �f dry and �Dmech are associated with the motion
of the adsorbate by itself, i.e., its motion in the absence of the
surrounding liquid, with kf·�i and kD·�i being the Navier�
Stokes-related liquid contributions. On the basis of the
adsorbate system and liquids used, �f dry and �Dmech might
also include adsorbed liquid provided these liquids are not
described by the Navier�Stokes equation. This distinction will
be addressed in more detail when discussing the experimental
results in the following sections.

If measurements are performed in one liquid alone, eqs 3
and 4 are not very helpful for practical applications because the
dependence of kf and kD on � and the interfacial geometry can
be analytically expressed only for �at surfaces (e.g., eq 4 in ref
8). In principle, for all other cases, this dependence can be
calculated numerically37,52 or analytically.53�56 Numerical
estimations are, however, neither straightforward nor universal,
whereas analytical expressions can practically be derived only
by employing severe approximations, e.g., by using Brinkman’s
mean-�eld 1D equation as was previously done in order to
describe the liquid-related response of the QCM for a rough
surface57 (section S1 in the Supporting Information) or some
alternative approximations for speci�c geometries.53�56

Our strategy is di�erent and generally applicable. In
particular, we suggest to quantify �f dry and �Dmech by
determining kf and kD via measurements in di�erent solutions
matched with respect to their kinematic viscosity, i.e., in
solutions with identical �i but di�erent �i and �i. According to
eqs 3 and 4, this will allow us to exclude the contribution of
coupled liquid to the QCM signal by extrapolating the
measured values to � = 0 and � = 0, respectively, and thereby
extract �f dry and �Dmech from the respective intercepts,
without requiring any information about the geometry of the
adsorbate. Above, this approach has been validated for rigid
adsorbate systems. Our experiments presented below show
that it is applicable and remains fairly accurate even for
viscoelastic adsorbate systems, such as biological soft matter.

To experimentally evaluate the applicability of the proposed
approach, we have estimated the dry mass of 150 nm SiO2
nanoparticles (NPs) electrostatically adsorbed on a �at QCM
surface at coverages, �, ranging from 1 to 54%. We also
disentangled the liquid-related contribution to �D from the
contribution associated with the attachment between the NPs
and the surface. The latter was explored to gain new insights
into the postulated in�uence of surface crowding of NPs on the
sti�ness of the attachment between each NP and the surface.52
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We also explored this approach for adsorption of carboxylated
70 nm gold (Au) NPs, as well as PEGylated Au NPs, to
positively charged �at surfaces. For these experiments, we have
varied the sti�ness of the linker between the Au NPs and the
surface by either varying the ionic strength of the solution or
the length of the PEG linker. In addition, we tested the
applicability of the approach on �exible biological NPs by
assessing the dry mass of lipid vesicles tethered to the
supported lipid bilayer (SLB) by DNA linkers. The similarity
in structure and properties of lipid vesicles to exosomes and
enveloped viruses makes them ideal models for assessing the
applicability of the approach on biological nanoparticles.
Finally, we extended the applicability of the approach beyond
NPs by quantifying the dry mass of adsorbed humic acids
(HAs), a highly hydrated58 and permeable59 natural polymeric
material composed of supramolecular assemblies of relatively
small molecules, ranging from �200 to 2500 Da (ref 60) with
key environmental importance, due to the role they play in,
among others, transport of microbes,61 suppression of the
release of greenhouse gases,62 and photochemical oxidation of
pollutants.63

Starting with high SiO2 NP surface coverage (� = 54%),
Figure 1a shows the three-step kinematic-viscosity-matching
procedure in which SiO2 NPs were electrostatically adsorbed
to a smooth poly-L-lysine (PLL)-coated SiO2 sensor. After
initial establishment of a baseline in bu�ered H2O, the liquid in
contact with the surface of the sensor was �rst replaced with
bu�ered D2O followed by a bu�ered glycerol/H2O mixture
(4.55 wt % glycerol) prepared to match the kinematic viscosity,
� = �/�, of D2O, henceforth referred to as �matched. This was
followed by adsorption of SiO2 NPs in the H2O-based bu�er
until the �f response plateaued, after which the �matched and
D2O bu�ers were again subsequently injected into the �ow

cell. As indicated in Figure 1a, this procedure enables
measurements of the response induced upon NP adsorption
in di�erent liquids, �f i.

A linear extrapolation of the frequency response in D2O,
�fD O2

, and the kinematic-viscosity-matched glycerol/H2O
mixture, � �f matched

, plotted versus �i (Figure 1b) yields an
intercept at � = 0 of �f�=0 � �530 Hz (� 9540 ng ·cm�2), a
value which according to eq 3 represents the frequency shift of
the dry mass of the adsorbed NPs, �f dry . The obtained value is
in excellent agreement with the independently determined dry
mass of 10350 ± 1035 ng·cm�2, based on ex-situ SEM images
obtained after drying the sensor under nitrogen �ow (Figure
1b, inset). Note that the liquid contribution to �fH O2

,
representing the error introduced if �f alone is used to
estimate the dry mass of the adsorbate, is appreciable (� �390
Hz equivalent to >40% of the measured response). Further,
this separation of the contributions to the measured response
shows that both dry mass of the adsorbate and the mass
corresponding to dynamically coupled liquid can be quanti�ed
via self-su�cient measurements using mechanical resonators
alone, thus resolving a severe limitation of the technique that
has for a long time disquali�ed its use for quantitative mass-
uptake analysis in liquid environments. Although in most
practical situations, adsorption measurements are carried out
as in this experiment, i.e., on a �at QCM crystal already
immersed in a liquid, we have, additionally, veri�ed the
applicability of the method for measurements conducted with
reference to air as well as for �at surfaces without adsorbates.
For �at surfaces without adsorbates, the extrapolation to � = 0
should yield �f�=0 = 0. Indeed, the results presented in section
S6 in the Supporting Information show that measurements
conducted with reference to air yield the same dry mass as for

Figure 1. Experimental procedure for measuring the QCM frequency response in di�erent solutions and disentangling the adsorbate mass and the
coupled liquid mass. (a) The change in resonance frequency at the seventh overtone versus time for a �at poly-L-lysine (PLL)-coated substrate in
contact with H2O, D2O, and a glycerol/H2O mixture matching the kinematic viscosity of D2O, �matched; adsorption of 150 nm SiO2 nanoparticles
(NPs) until the jamming limit (corresponding to a surface coverage of 54%) is reached in an H2O-based bu�er; exchanging the solutions again to
�matched and D2O. All solutions contained 10 mM Bis-Tris, pH (pD) = 7.0, and 150 mM NaCl. Detailed experimental and calculation procedures are
available in sections S2�S4 and Figures S1�S4 in the Supporting Information. (b) Frequency responses in D2O and �matched versus liquid density
and a linear extrapolation toward vanishing density. �f SEM represents the calculated frequency response based on the surface coverage determined
using SEM; using a NPs size of 143 nm and a density of 2.0 ± 0.2 g ·cm�3. Inset shows an SEM image of the surface of the sensor after drying; scale
bar = 1 �m. Detailed imaging and counting procedures for SEM are available in section S5 in the Supporting Information.
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measurements conducted with the QCM crystal already
immersed in a liquid; it also shows that for surfaces without
adsorbates the extrapolated results to � = 0 yields �f�=0 � 0 (at
all overtones), o�ering additional experimental veri�cation to
the kinematic-viscosity-matching approach and also providing
an internal veri�cation for the accuracy of the preparation of
the kinematic-viscosity-matched solutions by rendering an
intercept at �f�=0 = 0. As discussed in details in forthcoming
sections, the extrapolation approach has been further veri�ed
using four di�erent D2O/H2O mixtures and their correspond-
ing kinematic-viscosity-matched glycerol/H2O mixtures.

In the analysis above, the adsorbed NPs are assumed to be
(i) rigid and (ii) �rmly linked to the surface; i.e., the measured
�Di should be solely due to the liquid contribution, �Di

liq, with
no mechanically dissipated energy, �Dmech = 0. For the SiO2
NPs under consideration, assumption (i) is valid. Concerning
assumption (ii), the corresponding contribution to the
dissipation, �Dmech, should be zero in order for the proposed
approach to be strictly valid (see eq 4). It is therefore
instructive to inspect the corresponding changes in �D (Figure
2a) for the same sequence of injection events shown in Figure
1a.

Extrapolation of �DD O2
and the kinematic-viscosity-matched

glycerol/H2O mixture, � �D
matched

, to � = 0 has an intercept
�D�=0 � 34 × 10�6 (Figure 2b) which is equivalent to
��D�=0/�f�=0 = 0.06 Hz�1 or 10�14 per NP and corresponds to
�50% of the measured �DH O2

. The nonzero positive �D�=0

was further con�rmed by measurement conducted with
reference to air as well as measurements of �at surfaces
without adsorbate, the latter yielding �D�=0 � 0 (section S6 in
the Supporting Information). While �D�=0 = 0 for the NPs
would have been unequivocal evidence of rigidly adsorbed
NPs, i.e., negligible viscoelastic contribution to the QCM
response, this result shows that there is indeed a measurable
mechanical contribution to the energy dissipation from the
adsorbed NPs. For adsorbate systems with measurable
viscoelastic character, �D�=0 does not represent the dissipated

energy under dry conditions, as in the case of perfectly rigid
systems, but rather represents the mechanically dissipated
energy in the adsorbate system surrounded by a liquid after
excluding the energy dissipated in the liquid itself from the
total dissipation response. The energy dissipated in the liquid
is due to the corresponding viscous friction, which is referred
to as �Dliq in this work. As a matter of fact, the dissipated
energy under experimentally dry conditions, i.e., air, is in
almost all cases negligible (Figure S5). �D�=0 in the case of
rigid NPs is, thus, likely to re�ect the mechanical energy
dissipated due to the rotation and slippage of the NPs.52,64 Yet,
the good agreement between the independent mass determi-
nation using SEM and the dry mass obtained by extrapolating
�f i in solutions matched with respect to the kinematic
viscosity (Figure 1b) suggests that the extrapolation approach
is still applicable for mass determination in spite of the positive
�D�=0. In other words, the mechanical properties of the
attachment between the NPs and the surface, re�ected in a
nonzero �D�=0, appears to have a negligible e�ect on �f�=0,
thus suggesting that the kinematic-viscosity-matching approach
may be applicable beyond perfectly rigid systems. We,
therefore, aimed to investigate whether it is possible, using
the measured QCM response only, to directly validate if the
mechanical properties of the contact between a speci�c
adsorbate and the surface have a signi�cant in�uence on the
dry mass determination or not.

To address this question, we performed experiments in
which the sti�ness of the attachment between NPs and the
underlying surface was deliberately varied by replacing the
PLL-coated surfaces with a surface modi�ed with aminosilane
(APDMES). Binding of NPs to the surface modi�ed with
APDMES resulted in signi�cantly higher �D/�f ratio than the
binding to PLL did (Figure 3a), being indicative of weaker NP-
surface interactions for the APDMES-modi�ed surface (see
section S7 of the Supporting Information). Furthermore,
values of �fH O2

had a more pronounced overtone dependence
for the APDMES-modi�ed surface than for the PLL-coated

Figure 2. Experimental procedure for measuring the QCM dissipation response in di�erent solutions and disentangling the mechanical and liquid
contributions. (a) The change in dissipation at the seventh overtone versus time for a �at poly-L-lysine (PLL)-coated substrate in contact with H2O,
D2O, and a glycerol/H2O mixture matching the kinematic viscosity of D2O, �matched; the adsorption of 150 nm SiO2 nanoparticles (NPs) until the
jamming limit (corresponding to a surface coverage of 54%) is reached in an H2O-based bu�er; exchanging the solutions again to �matched and D2O.
All solutions contained 10 mM Bis-Tris, pH (pD) = 7.0, and 150 mM NaCl. A detailed experimental and calculation procedure is available in
sections S2�S4 and Figures S1�S4 in the Supporting Information. (b) Dissipation responses in D2O and �matched versus liquid viscosity and a linear
extrapolation toward vanishing viscosity.
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surface (Figure 3b, gray markers). Notably, while the overtone
dependence essentially disappeared for the extrapolated �f�=0
for NPs bound to the PLL-coated surface, a clear overtone
dependence was observed for NPs bound to the APDMES-
modi�ed surface (Figure 3b, green markers). This is expected
since the adsorbate-induced |�f | typically decreases with
increasing overtone number, n. This phenomenon arises
from two di�erent sources. The �rst is a viscoelastic
contribution (referred to as softness in some previous work),
which results in decreasing |�f | with increasing n.65 The
second is from an n-dependent liquid response; i.e., |�f | also
decreases with increasing n. Notably, the n-dependent liquid
response will also occur for rigidly coupled adsorbates; this has
been previously shown through theoretical models65 as well as
through experimental results of rough electrodeposited copper
adlayers.66,67 Hence, for systems with a negligible viscoelastic
in�uence on �f, the overtone dependence of �f will thus arise
primarily from the liquid contribution, and therefore the
overtone dependence is expected to vanish if the liquid
contribution is eliminated using the extrapolation approach.
The observed di�erence in the overtone dependence between
APDMES and PLL for �f�=0 can thus be attributed to a higher
viscoelastic contribution upon NP adsorption on APDMES-
modi�ed than upon PLL-coated surfaces. This conclusion is
further supported by the higher �DH O2

and �D�=0 values
measured for the APDMES-coated surface where both the
value of �D�=0 and the deviation between �f�=0 and the dry
mass determined using SEM decrease with decreasing n
(Figure 3b), suggesting a weaker contribution from viscoelastic
losses to �f�=0 at lower n. In fact, the dry mass of NPs

adsorbed to the APDMES-modi�ed surface determined from
�f�=0 at n = 3 agreed perfectly with the SEM-determined value,
within the uncertainty limits of the SEM approach. The
overtone dependence on the linker sti�ness has been further
veri�ed using two sets of experiments: (i) carboxylated Au NPs
on APDMES at di�erent ionic strengths (Figure S13) and (ii)
PEGylated Au NPs with di�erent PEG linker lengths on
APDMES (Figure S13). These experiments clearly demon-
strate the increasing overtone dependence of the measured and
extrapolated frequency response with decreasing linker sti�-
ness. It also shows that for all the experiments, even for Au
NPs with 5000 Da PEG linker, the extrapolated frequency
response at n = 3 accurately estimates the dry mass of the NPs
within less than 10% error compared to the complementary
measurements of QCM in air.

An additional long-standing question is to what extent QCM
data re�ect lateral interactions between closely packed
adsorbates on a surface. In particular, as seen in Figures 2a
and 3a, �D reaches a transient maximum (peak) and starts
decreasing again as more NPs adsorb. This transient peak has
been previously ascribed to hydrodynamic stabilization of NPs,
i.e., less rotation and slippage, that becomes appreciable when
NPs are su�ciently close to each other,52 i.e., at high-enough
surface coverage. We were thus curious to inspect whether the
kinematic-viscosity-matching approach applied for a varying
surface coverage (�) of NPs could contribute new insight into
this issue. Both the dry mass of NPs, �m�=0, and the
mechanically dissipated energy associated with the contact
zone between NPs and the surface, �D�=0, were therefore
determined at various surface coverages, �, ranging from 1 to
54%, (Figure 4a,c). The mass determined using the

Figure 3. E�ect of the �exibility of the attachment between the NPs and the substrate on dry mass determination. (a) Measured dissipation versus
measured frequency at the third overtone for adsorption of 150 nm SiO2 NPs on poly-L-lysine (PLL)-coated and on aminosilane (APDMES)-
modi�ed sensors. Two inset schematics illustrate a stronger rocking motion (represented by longer arrow on the top of each NP) for the NPs
adsorbed to APDMES- than PLL-modi�ed sensors. (b) Overtone dependence for the two experiments exhibited in panel (a), showing the
measured frequency and dissipation responses in H2O (�fH O2

and �DH O2
) and the extrapolated frequency and dissipation responses (�f�=0 and

�D�=0). �f SEM represents the calculated frequency response based on the surface coverage determined using SEM imaging; utilizing a NPs size of
143 nm and density of 2.0 ± 0.2 g·cm�3. The shaded area represents the uncertainty in the �f SEM which arises from the uncertainty in the density
of the NPs. All solutions contained 10 mM Bis-Tris, pH (pD) = 7.0, and 150 mM NaCl.
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