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Figure S1. The µPAD dimensions describe measurements designed in Adobe Photoshop software (left). 
Heating the papers to re-flow the wax caused lateral as well as axial wax spreading, thus creating 
narrower channels in the tested µPADs than the original printed dimensions. Photographs of printed, 
heated µPADs containing amaranth dye demonstrate the ability of wax to contain aqueous solutions 
(right).    

 



 2 

 

Figure S2. Flow chart of experiments performed for this work.  
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Table S1. Nanoparticle synthesis procedures. AuNP and AgNP were produced with the desired coatings 
using published protocols.  

Particle Synthesis Method Refs. 
15 nm cit-AuNP Spiked 10 mL of 38.8 mM sodium citrate into 100 mL of hot 1 mM 

HAuCl4 and refluxed until particles formed. 
1 

46 nm cit-AuNP Spiked 1.6 mL of Abs = 3.0 of 15 nm Cit-AuNP seeds and 0.44 mL of 
38.8 mM sodium citrate into 100 mL of hot 0.254 mM HAuCl4. Refluxed 
until particles formed (1 hr). 

1 

15, 46, 64 nm 
BSA-cit-AuNP 

Spike 0.1 mg BSA per mL of the appropriate size of Cit-AuNP.  2 

46 nm MixPEG-cit-
AuNP 

Added dropwise 1 µM HS-PEG-COOH to 46 nm Cit-AuNP to achieve 
3000 COOH-PEG molecules per AuNP. Particles were then mixed for 15 
minutes before adding excess 10 µM HS-PEG-OCH3 to achieve 16000 
OCH3-PEG molecules per AuNP. After mixing for an additional 15 
minutes, AuNP were centrifuged and washed several times to remove 
excess PEG. The OCH3-PEG coated 46 nm AuNP (46 nm OCH3-PEG-
cit-AuNP) and COOH-PEG coated 46 nm AuNP (46 nm COOH-PEG-
cit-AuNP) were prepared similarly as 46 nm MixPEG-cit-AuNP except 
that a single type of PEG was used at a concentration of 19000 PEG 
molecules per AuNP. 

3 

46 nm PEG-
MGITC-cit-AuNP 
and 46 nm PEG-
RBITC-cit-AuNP 

Added 300 dye molecules per AuNP via syringe to a vortexing tube of 46 
nm Cit-AuNP, incubated overnight at 4°C, and pegylated as described 
previously.    

3 

46 nm DNA-PEG-
MGITC-cit-AuNP 

Added 50 µL of 4 mg/mL EDC in PBS and 55 µL of 10 mg/mL sulfo-
NHS in PBS to 1 mL of 1010 46 nm PEG-MGITC-AuNP in PBS buffer. 
Twelve nmol of oligonucleotide were then added in 200 µL to the AuNP 
solution before shaking overnight at room temperature, while protected 
from light. Excess reagents were removed by centrifugation (5 rounds at 
10000 × g for 10 minutes each). All PEG coated AuNP were stored in the 
dark at 4°C in 50% (v/v) ethanol-water solutions and re-suspended in 
nanopure water before use. 

3 

46 nm PEG-
Peptide-cit-AuNP 

A 0.1 mL spike of 380 µM peptide was added to 50 mL of 46 nm Cit-
AuNP to achieve 10000 peptides per AuNP. After stirring for 2 hours at 
room temperature, 100 µM OCH3-PEG-HS was added to a molar ratio of 
9000 PEG molecules per AuNP.  The solution was incubated at room 
temperature overnight.  

3 

36 nm EDTA-
AgNP 

Vigorously shook a mixture containing 100 mL of 0.16 mM EDTA and 4 
mL of 0.1 M NaOH spiked with 1 mL of 26 mM AgNO3. 

4 

8 nm PVP10K-
AgNP and  8 nm 
PVP55K-AgNP 

PVP (1.5 g of 10 kDa or 55 kDa) was dissolved in 280 mL water, mixed 
with 9 mL of 0.1 M AgNO3, stirred 5 min, spiked with 11 mL of 0.08 M 
ice-cold sodium borohydride, and centrifuged to remove excess reagent. 

5 

41 nm PVP10K-
AgNP and  40 nm 
PVP55K-AgNP 

PVP was dissolved in ethylene glycol (1.5 g of 10 kDa in 75 mL or 20 g 
of 55 kDa in 50 mL), mixed with AgNO3 (0.05 g or 1.5 g), heated under 
stirring (120°C for 1 hr or 140°C for 24 hr), and dialyzed or centrifuged 
to remove unbound species. 
 

4 

AuNR HAuCl4 was mixed with CTAB and reduced with sodium borohydride to 
produce 1.5 nm spherical AuNP. AuNP were further grown in the 
presence of CTAB, AgNO3, HAuCl4, and ascorbic acid overnight at 33 
ºC. Centrifugation removed excess CTAB.  
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Figure S3. UV-Vis spectra and LSPR maximum of aqueous nanoparticle solutions.6   

 
  

Sample LSPR (nm) Concentration 
(Haiss eqn; µM) 

15 nm cit-AuNP 519 8000 
46 nm cit-AuNP 529 70 
15 nm BSA-cit-AuNP   
46 nm BSA-cit-AuNP 535 70 
64 nm BSA-cit-AuNP 546 20 
46 nm OCH3-PEG-cit-AuNP 535 10 
46 nm COOH-PEG-cit-AuNP 532 7 
46 nm OCH3/COOH-PEG-cit-AuNP 531 10 
46 nm MixPEG-MGITC-cit-AuNP 537 4 
46 nm MixPEG-RBITC-cit-AuNP 536 6 
46 nm DNA-MixPEG-MGITC-cit-AuNP 538 100 
40 nm PVP10K-AgNP 419 400 
40 nm PVP55K-AgNP 416 40 nM 
8 nm PVP55K-AgNP 399 2000 nM 
8 nm PVP10K-AgNP 405 2000 nM 
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Table S2. Raman peak assignments for the 55-398 cm-1 region.  
SERS peaks  
(cm-1) 

Reported assignments Reference 

120-158 gold surface binding with I-  7 
152 S-S-S and S-S (with 216 cm-1 and 471 cm-1) 8 
180 gold surface binding with SO4

-2  9 
181-209 gold surface binding with Br-  7,9 
216 S-S-S and S-S (with 152 cm-1 and 471 cm-1) 8 
225-227 Ag(0) - N  10 
230-260 Plasmon -  phonon coupling  11 
235 Au(0) – S of SCN  7 
240 Ag(0) - N of benzyolpyridine  10 
240-250 Ag(0) – Cl- 9 
245-275 Ag(0) – Cl- 7,9 
250-260 Cyano groups binding to a gold surface through the nitrogen atom 9 
254  S-S-S 8 
260  Extramolecular stretching of Au-C 12 
260  Au-S  13 
261  S-S-S 8 
267 Au(0)-S of cysteine  14 
270-310 Au-S 8 
296 Au-S 15 
300 Au(0)-N of NCS 7 
300 and 380 Au(0)-CN 7 
471 S-S-S and S-S (with 152 cm-1 and 216 cm-1) 8 
330 Extramolecular stretching of Au–O 12 
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Table S3. Specific instrument parameters used to collect Raman and SERS spectra of each analyte. All 
spectra were collected in paper using a 785 nm laser, 300 grooves per mm grating, and 10× microscope 
objective.  

Sample Acquisition 
time 

(seconds) 

Number of averaged spectra Approximate 
laser power 

(mW) 
Cellulose 1 10 >100 
Wax melted on paper 1 10 >100 
Amaranth 1 10 > 100 
15 nm Cit-AuNP 0.05 120000 spectra over a 6000 µm × 

1000 µm Raman spectral map 
< 0.3 

46 nm Cit-AuNP 0.01 145000 spectra over a 7000 µm × 
1000 µm Raman spectral map  

< 0.3 

DNA-PEG-MGITC-cit-AuNP 0.01 40000 spectra over a 2000 µm × 
2000 µm Raman spectral map 

< 5 

AuNR 0.01 40000 spectra over a 2000 µm × 
2000 µm Raman spectral map  

< 5 

46 nm PEG-MGITC-cit-AuNP 0.01 2500 spectra over a 1000 µm × 
1000 µm Raman spectral map 

< 25 

46 nm PEG-RBITC-cit-AuNP 0.01 2500 spectra over a 1000 µm × 
1000 µm Raman spectral map  

< 25 

46 nm BSA-cit-AuNP 0.05 80000 spectra over a 8000 µm × 
500 µm Raman spectral map 

< 0.6 

64 nm BSA-cit-AuNP 0.05 80000 spectra over a 8000 µm × 
500 µm Raman spectral map 

< 0.6 

41 nm PVP10K-AgNP 0.05 20000 spectra over a 2000 µm × 
500 µm Raman spectral map 

< 0.6 

 
 
 
Characterization of wax ink, papers, and µPADs.  

The Xerox ColorQube ink melts below 120 ºC, a lower re-flow temperature than the original 

Xerox ink, and is likely composed of carbon black pigment and hydrophobic polymer or 

hydrocarbon mixture (Table S4).16-21 The wax re-flow process caused wax spreading within the 

paper from an initial printed wax dimension of 0.3 mm to a heated dimension of approximately 

0.8 mm to 1.1 mm for the back of the paper and the original printed side respectively (Figure 

S1).16 FE-SEM shows smooth regions on the cellulose fibers after wax re-flow that are not 

observed on the cellulose fibers without wax (Figure S4).  
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Figure S4. FE-SEM images of Whatman grade 1 chromatography paper before and after heating 
including a) an un-heated wax-printed paper, b) a cross-section of chromatography paper without wax 
(sample frozen in liquid nitrogen, cut with a cold scalpel blade while still frozen, mounted onto an SEM 
stub, and sputter coated with Au for analysis), c) melted wax on paper, d) a close-up image of a wax-
coated cellulose fiber, and e) a cellulose fiber on which 40 nm cit-AuNP were deposited. The relative 
scale of the nanomaterials with respect to the “sinusoidal corrugated” cellulose fiber surface, assumed to 
be smooth and flat by the DLVO model, is demonstrated.22 
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Table S4. Assignments for Raman peaks displayed by wax ink. The composition of the phase changing 
ink is proprietary, but likely contains carbon black pigment and a hydrophobic hydrocarbon mixture or 
polymer.16,19-21  

Peak 
(cm-1) 

Molecular Vibration Reference 

569 Ring vibrations, NO2, nitric acid esters, aromatics 23,24 
746 Ring breathing mode, CH deformation, CC, earth wax 24,25 

818 C-C stretching, cyclohexane, ring vibration 23,24 
889 Methylene rocking, cyclopentane, ring vibration, CH2, 

COC, unsaturated and saturated waxes 
23-25 

904 C-O-C, ring vibrations 23,24 
1213 Aromatic stretching, C-N stretching, methyl rocking, 

COC, C=C-O-C 
23,24 

1241 C=C-O-C, COC, phosphate, NO2,  23,24 
1287 Aromatics, nitric acid esters, pyrimidine bases, 

phosphodiesters 

23,24 

1333-
1351 

Carbon black, branched hydrocarbon chains, phenyl, 
CH3, CH2, CH, NO2 

24,26,27 

1454 CH3 and CH2 modes, phospholipids, cyclopentane 
derivatives, unsaturated and saturated waxes 

23-25,28 

1564 COO-, purine bases, ring breathing modes, N-NO2 23,24 
1580 Carbon black 26,27 
 
 

 
Figure S5. Wax-printed paper channels (1.2 mm channel width, 0.3 mm wax walls, and 3 mm sampling 
spots, original printed side up in a Petri dish) typically contained amaranth solutions up to a volume of 12 
µL. Samples > 12 µL typically spilled out of channels.   
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Figure S6. Normal Raman spectral maps image the topography of the cellulose fibers and deposition 
patterns of fluorescent species even within the same wax-printed paper channel (Figure S7), while the 
SERS spectral maps are generated with a low enough laser power such that only nanomaterials display 
spectra. Optical images collected using a 10× microscope objective (purple) and overlaid SERS spectral 
maps demonstrate nanoparticle deposition patterns within the wax-printed cellulose channels. SERS 
Spectral images were collected with a 785 nm laser, 300 gr/mm grating, 10× microscope objective, 0.05 
seconds per spectrum, and 5 to 10 spectra per µm. Channel dimensions were chosen to produce the most 
consistent fluid flow and strong SERS signals. Narrow channels concentrated samples to facilitate strong 
SERS signals, but the spread of the wax caused channels narrower than 1.2 mm to periodically constrict 
flow as observed in the photographs on the left. Nanoparticles are still observed within channels over 1.2 
mm wide, though longer acquisition times, SERS tags bound to nanoparticles, or higher laser powers are 
often required.  

Contact angle measurements were collected for water droplets on the wax ink block, heated 

and unheated wax printed on chromatography paper, and water-soaked printed papers. As 

suggested by Noh and Phillips, wax-printed paper absorbs water droplets if given sufficient time 

after deposition; hence, water droplets were analyzed immediately after placement on the 

sample.29 After heating for wax re-flow, the original wax-printed side of the paper (front) had a 

higher contact angle than the back of the paper when both samples were not pre-wetted, 

indicating that the original printed side retains most of the wax thus making it more hydrophobic 

(Table S5). The hydrophobicity and the clear difference in the amount of wax spreading between 

the two sides of the paper explain the dependence of solution flow upon the orientation of the 

paper (original printed side up or down). Contact angles were consistently lower for papers that 

were pre-wetted before measurements were collected. The water adsorption properties of 

cellulose are well documented, and although high purity cotton cellulose such as that in 

Whatman grade 1 chromatography paper sorbs less water than other types of cellulose,30 the dry 

or pre-wetted state remains an important variable to hold constant or engineer to improve 

functionality of wax-printed paper devices. For consistency, the nanoparticle transport 
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experiments reported here were conducted with dry papers as purchased and stored on a lab 

bench. 

 

Table S5. Contact angle (degrees) measurements for wax on cellulose.  

 Advancing Contact Angle 
(°) 

Receeding Contact Angle 
(°) 

 dry sample pre-wetted 
sample 

dry sample pre-wetted 
sample 

Black Wax 113±6  94±7  
Unheated wax-printed paper 113±2 110±2 99±2 92±4 
Heated wax-printed paper, original printed 
side 

142±3 106±24 115±22 92±7 

Heated wax-printed paper, back of paper  138±1 117±5 107±1 96±2 
Paper (no wax) 0 0 0 0 

 
 

                   
Figure S7. Amaranth dye deposited within the sampling spot (2 µL) travels with the aqueous phase 
through the paper. After at least 10 minutes of drying time and a 4 µL water rinse placed in the sampling 
spot, the amaranth is rinsed further along the channel. Additional rinse steps further concentrate the 
amaranth dye at the end of the channel.  
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Figure S8. Normal Raman spectral maps image the topography of the cellulose fibers and deposition 
patterns of fluorescent species such as algal cells, even within the same wax-printed paper channel. 
Raman spectral images were collected with a 785 nm laser, 10× microscope objective, 300 groves/mm 
grating, approximately 40 mW of laser power, and 0.05 seconds per spectrum. 

 

 
 

 
Figure S9. Rinsing three times with 4 µL of nanopure water (12 µL total) had no influence on 
nanoparticle travel distances except for 8 nm PVP10K-AgNP. 
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Figure S10. Travel distance (n=9) and zeta potential of 15 nm BSA-cit-AuNP as a function of pH. BSA-
cit-AuNP were colloidally unstable at pH 4 and 5; therefore, they were not examined in the channels.  

 

DLVO calculations 

DLVO calculations were conducted to examine the attractive and repulsive forces between 

each nanoparticle and the cellulose surface using zeta potential, hydrodynamic diameter, 

Hamaker constants estimated from literature values, and ionic strength estimated from 

conductivity and reagent concentrations employed during synthesis (Table S6).31,32 
 

Eqn 1  Lifshitz-van der Waals interaction:   

 

Eqn 2   Electrostatic interaction:  
  

Eqn 3 Inverse Debye length:    
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Table S6. DLVO model parameters.32  

Eqn Description Symbol Value Units 
U123

LW Hamaker constant between particle surface 1 and 
flat plate surface 3 separated by aqueous medium 2 

A123 Estimated 
(See Table S8) 

N m 

 Radius of particle (surface) 1 a1 Measured 
hydrodynamic 

diameter (z-average) 

m 

 Distance between surface 1 and surface 3 h Variable m 
 Characteristic wavelength of the dielectric λ 0.0000001 m 
     
U123

EL pi π 3.141592654  
 Permittivity of the vacuum ε0 8.85×10-12 F m 
 Relative dielectric constant for water @ T (298 K) εr 78.5  
 Surface (zeta) potential of particle surface 1 ζ1 Measured NmC-1 

 Surface (zeta) potential of flat plate surface 3 
(cellulose literature value)22,33 

ζ3 -0.0377 NmC-1 

     
Κ  Avogadro's Number NA 6.022×1023 mol-1 
 Elementary charge e 1.602×10-19 C 
 Ionic strength estimated from conductivity34  Σcizi

2 Measured indirectly 
(See Table S8) 

mol/m3 

 Boltzmann's Constant kB 1.381×10-23 J/K 
 Temperature T 298 K 
 Inverse Debye length κ calculated m-1 
 

 

Ionic strength 

Nanoparticles are often incorporated into µPADs immediately after synthesis, such that ionic 

strength is not directly controlled.35-39 However, ionic strength in nanoparticle solutions varies 

drastically depending upon the synthesis procedure employed. For instance, the reaction flask in 

which 15 nm cit-AuNP are produced contains 4 mM Cl-, 3.9 mM Na+, and 3.9 mM citrate at 

various states of oxidation in addition to Au, while PVP-AgNP production involves 

centrifugation steps to remove excess reagents. Hence, ionic strength values were inferred from 

reagents used, synthesis protocols, and conductivity measurements converted to ionic strength 

with a pre-factor of 1.27×10-6.34 Values were compared to determine reasonable DLVO inputs 

(Table S7).    
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Table S7. Ionic strength was estimated from conductivity measurements, synthesis protocols, and reagent 
concentrations.  

Sample Conductivity 
(mS/cm) 

Ionic strength 
from pre-

factor (mM) 

Ionic strength 
from synthesis 

procedure (mM) 

Ionic strength 
used for DLVO 

(mM)  
15 nm cit-AuNP 0.4 0.5 <13 0.5 
46 nm cit-AuNP 0.3 0.4 <2 0.3 
15 nm BSA-cit-AuNP   <13 0.5 
46 nm BSA-cit-AuNP 0.2 0.2 <2 0.3 
64 nm BSA-cit-AuNP 0.2 0.2 <2 0.3 
46 nm OCH3-PEG-cit-AuNP 0.002 0.002 0.0002 0.007 
46 nm COOH-PEG-cit-AuNP 0.002 0.003 0.0002 0.007 
46 nm OCH3/COOH-PEG-cit-AuNP 0.002 0.003 0.0002 0.007 
46 nm MixPEG-MGITC-cit-AuNP 0.02 0.02 0.0002 0.007 
46 nm MixPEG-RBITC-cit-AuNP 0.004 0.005 0.0002 0.007 
46 nm DNA-MixPEG-MGITC-cit-
AuNP 

0.009 0.01 0.0002 0.007 

40 nm PVP10K-AgNP   0.0002 0.007 
40 nm PVP55K-AgNP   0.0002 0.007 
8 nm PVP55K-AgNP   0.0002 0.007 
8 nm PVP10K-AgNP   0.0002 0.007 

 

Hamaker constants 

Hamaker constants were calculated using a combined relations equation, 

𝐴!"# = (𝐴!!!.! − 𝐴!!!.!)(𝐴!!!.! − 𝐴!!!.!) 

and literature values (Table S8).32 The combining relations equation breaks down in aqueous 

systems for which non-dispersive forces dominate, but because alternatives require parameters 

that are not widely available, the equation is often used as a reasonable estimate.32,40   
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Table S8. Hamaker constant DLVO inputs. A11 represents the Hamaker constant of medium 1 interacting 
with itself across a vacuum. A132 was computed with the equation  𝑨𝟏𝟑𝟐 = (𝑨𝟏𝟏𝟎.𝟓 − 𝑨𝟑𝟑𝟎.𝟓)(𝑨𝟐𝟐𝟎.𝟓 − 𝑨𝟑𝟑𝟎.𝟓) 
and represents the Hamaker constant of medium 1 interacting with medium 2 across medium 3.32,40  

Medium Hamaker 
constant  
A11 or A132  (J) 

Used to create Figure 4 
for the nanoparticles listed 

Reference 

Water 3.7×10-20  32 
Cellulose 8.4×10-20  41-43 
Au bulk 4.5×10-19  44-46 
Ag bulk 4.0×10-19  44,45 
10 nm AgNP 2.1×10-19  47 
50 nm AgNP 1.6×10-19  47 
Polymer (general 
estimate) 

6×10-20  48,49 

BSA 2×10-20  50-52  
DNA 6.8×10-20  53,54 
Acellulose-water-AuNP 4.69×10-20 Cit-AuNP calculated 
Acellulose-water-AgNP40nm 1.97×10-20  calculated 
Acellulose-water-AgNP8nm 2.58×10-20   calculated 
Acellulose-water-polymer 5.1×10-21  PVP-AgNP, PEG-cit-AuNP calculated 
Acellulose-water-BSA -5.0×10-21  BSA-cit-AuNP calculated 
Acellulose-water-DNA 6.7×10-21 DNA-PEG-cit-AuNP calculated 

 

Hamaker constant estimates require knowledge of the wavelength dependent dielectric value 

for each media.32,41 AuNP and AgNP do not have the same dielectric properties as their bulk 

counterparts; therefore, Hamaker constant values are expected to be different. The Hamaker 

constants as a function of nanoparticle size estimated by Pinchuk were used for AgNP, but these 

values have not been previously computed for AuNP.47  

We note that when Hamaker constants for metal core materials were applied rather than 

Hamaker constants of the surface coatings, several particles experimentally contradicted DLVO 

predictions, placing them in the upper left corner of Figure 4, including 15 nm BSA-cit-AuNP at 

pH >6 and PVP-AgNP. Although it is standard procedure to apply the Hamaker constant of the 

bulk metal core material rather than the nanoparticle itself or the surface coating when 

computing van der Waals interaction energies, DLVO calculations were evaluated using both the 

nanoparticle metal core Hamaker constants as well as that of the surface coating material. In 

colloidal systems for which DLVO was developed, it was typically safe to assume that the bulk 

material was that of the particle core;32 however, for nanomaterials on the order of 15-64 nm 

with surface coatings nearly doubling the hydrodynamic diameter, the metal core comprises 



 16 

much less than 50% of the particle volume, and thus cannot necessarily be considered the “bulk”. 

Hamaker constants model van der Waals forces that work across short distances, and although it 

is generally assumed that the van der Waals forces due to the stabilizing coating are negligible at 

large distances, at a separation distance equal to the coating thickness the properties of the 

coating dominate.32 The particle coatings analyzed herein are not trivial in size, as demonstrated 

by their molecular weights and the final hydrodynamic diameters (Table 1). Therefore, it is safer 

to assume coating properties are significant, arguably more so than the nanoparticle core.  

A negative Hamaker constant for the interaction of a particle with a cellulose surface through 

water (A132) is computed for 15 nm BSA-cit-AuNP at pH 8 when the Hamaker constant for BSA 

interacting with itself in a vacuum (A11=2×10-20 J) is applied rather than that of bulk Au (Table 

S8).50-52 A negative A132 is produced when A11 for the particle is below that of water (3.7×10-20), 

as is the typical A11 of a protein (1-1.5×10-20 J).32,55 The van der Waals attractive force never 

overcomes the electrostatic repulsion when the BSA Hamaker constant is applied to the DLVO 

model rather than that of Au bulk for the 15 nm BSA-cit-AuNP at pH 8 (Figure S11A), and the 

DLVO model predicts the experimental data despite the neglect of steric stabilization or Lewis 

acid-base forces in the model. Using the BSA Hamaker constant does not significantly influence 

the DLVO model output for pH 3 BSA-cit-AuNP of any size until a separation distance less than 

0.1 nm (shorter than a carbon-carbon bond length) because the zeta potential of the nanoparticles 

is positive (Figure S11B-C). The BSA surface coating properties appear to be important in this 

case because the coating is thick in comparison to the particle size and the range of van der 

Waals forces and the BSA dictates charge as a function of pH.32  

BSA NP travel can be logically explained by the surface charge alone. At pH >6 BSA-cit-

AuNP have a positive surface charge, such that electrostatic forces between the particles and 

cellulose are attractive; therefore, travel of the nanoparticles is prevented in the negatively 

charged cellulose (Figure S10).22,33,56 However, at pH >6, the zeta potential of BSA-cit-AuNP is 

negative, so the particles travel with the aqueous mobile phase rather than immediately 

depositing in the cellulose. The DLVO model does not predict the dramatic difference in 

transport distance for pH 3 vs. pH 6 BSA-cit-AuNP, unless the BSA Hamaker constant is used.   
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  A            B      

  
 
      C            D 

 
 
       E           F 

  
Figure S11. DLVO interaction energies computed using Hamaker constant values for the metal core 
(solid line) or for the surface coating (dotted line). A) 15 nm BSA-cit-AuNP, pH 8. B) 15 nm BSA-cit-
AuNP, pH 3. C) 46 nm BSA-cit-AuNP. D) 8 nm PVP55K-AgNP. E) 40 nm PVP55K-AgNP. F) 8 nm 
PVP10K-AgNP. 
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For the interaction of PVP-AgNP with cellulose, replacing the Hamaker constant (A11) of 

AgNP used to model the PVP-AgNP with a value an order of magnitude smaller (a reasonable 

value for a polymer)48,49 reduces A132 by an order of magnitude and increases the DLVO 

interaction energy barrier very slightly. A more significant effect of applying a polymer Hamaker 

constant is that the van der Waals attractive force does not overcome the electrostatic repulsive 

force until the particle is closer to the surface (1-3 nm as opposed to 3-5 nm), and the interaction 

between the PVP-AgNP and cellulose does not become attractive overall until a distance just 

over 0.1 nm (Figure S11D-F). DLVO suggests that electrostatic repulsion forces dominate until 

the PVP-AgNP approach within a typical bond length. Sterically, it is not likely that the particle 

would approach within this distance. Therefore, as observed, it is logical that the particles are not 

deposited in the cellulose.  
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