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pH-Triggered Molecular Alignment 
for Reproducible SERS Detection 
via an AuNP/Nanocellulose 
Platform
Haoran Wei1,2,3 & Peter J. Vikesland1,2,3

The low affinity of neutral and hydrophobic molecules towards noble metal surfaces hinders their 
detection by surface-enhanced Raman spectroscopy (SERS). Herein, we present a method to enhance 
gold nanoparticle (AuNP) surface affinity by lowering the suspension pH below the analyte pKa. We 
developed an AuNP/bacterial cellulose (BC) nanocomposite platform and applied it to two common 
pollutants, carbamazepine (CBZ) and atrazine (ATZ) with pKa values of 2.3 and 1.7, respectively. Simple 
mixing of the analytes with AuNP/BC at pH < pKa resulted in consistent electrostatic alignment of 
the CBZ and ATZ molecules across the nanocomposite and highly reproducible SERS spectra. Limits 
of detection of 3 nM and 11 nM for CBZ and ATZ, respectively, were attained. Tests with additional 
analytes (melamine, 2,4-dichloroaniline, 4-chloroaniline, 3-bromoaniline, and 3-nitroaniline) further 
illustrate that the AuNP/BC platform provides reproducible analyte detection and quantification while 
avoiding the uncontrolled aggregation and flocculation of AuNPs that often hinder low pH detection.

Surface-enhanced Raman spectroscopy (SERS) has been proposed for ultrasensitive chemical analyses ever since 
the technique exhibited the capacity for single molecule detection1,2. Compared to other analytical techniques, SERS 
does not necessarily require laborious sample pretreatment nor expensive instrumentation, and thus is promising 
for rapid field and point of use detection3–5. To date, however, the hoped for utilization of SERS for rapid detection 
of environmental pollutants has yet to be realized due to the challenges and costs associated with the production 
of reproducible SERS substrates6–8 as well as the intrinsic requirement that the analyte consistently associates with 
the substrate to generate a strong, reproducible Raman signal9,10. Because of these factors, many SERS studies 
continue to utilize model analytes with high surface affinity to test assay performance5,11–16. Unfortunately, many 
relevant analytes are moderately hydrophobic and thus exhibit low affinity to gold or silver nanoparticle (AuNP or 
AgNP) surfaces. To overcome this drawback, molecular “traps” have recently been used to bind target molecules to 
the AuNP/AgNP surface9,17–21. Modification of the noble metal surface with these “traps” adds complexity to the 
material synthesis and produces a potentially interfering background signal that makes data analysis more challeng-
ing. To mitigate this issue, some investigators manipulate electrostatic forces, either by altering the AuNP/AgNP 
surface coating or adjusting the solution pH to enhance the affinity of the analyte for the plasmonic nanoparticle 
surface22,23. Unfortunately, surface coatings can decrease the SERS signal intensity due to the increased distance 
between the analyte and the surface24, and AuNP/AgNP suspensions generally exhibit uncontrolled aggregation 
and flocculation at low pH values and are thus inappropriate SERS enhancers under these conditions. For analytes 
with low pKa values it is necessary to develop a SERS platform that is stable at low pH.

Bacterial cellulose (BC) is a low-cost bacterial by-product that is biodegradable and exhibits minimal to no 
toxicity25. Compared to common cellulosic materials, BC fibers are nanoscale in radial diameter (< 100 nm) and are 
tightly interwoven as a layered high mechanical strength hydrogel25,26. Importantly, unlike paper, BC retains its 3D 
structure in water and is resistant to both acidic and alkaline pH27. Recently, its role as a scaffold for nanoparticles 
for SERS and other applications has been realized27–29. Our prior studies with this nanocomposite suggest that the 
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coupling of AuNPs with BC may be a promising approach for the development of a stable low pH SERS platform 
since the AuNPs are immobilized within the BC matrix and both components are acid-resistant.

In this study, AuNP/BC nanocomposites were synthesized by boiling HAuCl4-treated BC in sodium citrate 
(Na3Cit) solution to produce AuNPs that are fully intercalated within the BC network. These nanocomposites 
were then tested as a SERS platform under acidic pH conditions. To illustrate the capacity of this substrate, two 
common environmental contaminants - carbamazepine (CBZ; pKa =  2.3) and atrazine (ATZ; pKa =  1.7) - were used 
as model, environmentally relevant analytes30–33. CBZ is an micropollutant of emerging concern and is one of the 
most frequently detected pharmaceuticals in surface water32. ATZ is widely used for weed control in corn acreage 
and is the most frequently detected herbicide in surface water31. Each of these analytes are moderately hydrophobic 
(Kow >  1.5; refs. 34,35) with low pKa values and exhibit low AuNP surface affinity under neutral pH conditions.

Results
Material characterization. Our AuNP/BC nanocomposite was synthesized by vortexing BC in 0.7 mL of 
30 mM HAuCl4 and then boiling in 50 mL of 1.2 mM Na3Cit. As shown schematically in Fig. 1a, the as produced 
AuNP/BC nanocomposite is a rigid hydrogel with large numbers of 63 ±  17 nm (n =  200) diameter AuNPs widely 
distributed throughout the BC matrix (Supplementary Fig. S-1a&b). The extinction spectrum shows a broad 
LSPR band with two maxima at 589 and 637 nm indicating the in situ formed AuNPs are highly aggregated 
(Supplementary Fig. S-1c). The AuNP/BC nanocomposite exhibits an extremely flat surface topography that facil-
itates XY image scan collection (Supplementary Fig. S-1d). Furthermore, the AuNP/BC platform is remarkably 
stable as shown by a pH invariant extinction spectrum (Supplementary Fig. S-1c) and the lack of any detectable 
variation in AuNP size (Supplementary Fig. S-2) following exposure to either neutral or acidic pH. This stability is 
reflected by the consistency of our previously acquired MGITC SERS spectra at neutral and acidic pH27. Compared 
with suspension-based SERS, AuNP/BC provides a rigid scaffold that prevents uncontrolled aggregation and 
flocculation and thus has potential for use as a low pH SERS substrate.

pH-triggered SERS. Many analytes used to test novel SERS substrates (e.g., rhodamine 6G, crystal violet, Nile 
blue, etc.) are positively charged at neutral pH and either covalently or electrostatically associate with negatively 
charged AuNPs. However, both CBZ and ATZ are neutral molecules at environmental pH and thus exhibit low 
affinity to the AuNP surface due to the lack of an electrostatic attraction. No Raman signal for either CBZ or ATZ 
could be observed following exposure of an AuNP suspension to CBZ or ATZ at pH =  6.0 (Supplementary Fig. 
S-3). CBZ and ATZ contain primary and secondary amine groups, respectively, that are protonated at pH values 
below their respective pKa values (Fig. 1b). Unfortunately, under these pH conditions many AuNPs uncontrollably 
aggregate and are thus unsuitable for use as SERS enhancers22. We speculated, however, that the stability of AuNP/
BC at low pH would enable the protonated amine groups of CBZ and ATZ to associate with the carboxylate groups 
of AuNP bound citrate via electrostatic attraction (Fig. 1b) and that this would facilitate their SERS detection.

At neutral pH neither CBZ nor ATZ exhibit a detectable SERS signal (Fig. 2a,b, Supplementary Fig. S-4). 
However, when the pH decreases from 6.0 to 3.0, the signal intensity increases and at pH values below an analyte’s 
pKa there is a substantial enhancement in the SERS signal for both CBZ and ATZ. To quantify the influence of pH 
on the SERS signal, the intensity of the CBZ peak at 1222 cm−1 and the intensity of the ATZ 961 cm−1 peak were 
used to reflect the signal from the two compounds (Isignal), while the small peak at 1371 cm−1 was used to represent 
the BC support (Ibackground). As shown in Fig. 2c, the ratio of the peak intensity for the analyte relative to the back-
ground increased 47×  for CBZ and 68×  for ATZ with a decrease in pH from 6.0 to below the analyte’s pKa. Because 
of the chemical and colloidal stability of the AuNPs restrained within the BC scaffold, AuNP aggregation cannot 
account for this pH-induced Raman signal enhancement (Supplementary Fig. S-1c and Fig. S-2). Furthermore, the 
stability of the Raman band at 1371 cm−1 under varying pH conditions supports our contention that the AuNP/

Figure 1. (a) Schematic of synthesis of AuNP/BC nanocomposites and (b) schematic of pH-induced 
adsorption of CBZ and ATZ on AuNP/BC.
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BC platform is stable at acidic pH (Fig. 2a,b). We did not observe any temporal variations in signal intensity, thus 
indicating the platform did not degrade at acidic pH. We conclude that the significant SERS enhancement for CBZ 
and ATZ at low pH is due to an increase in their surface affinity. For pH <  pKa, the protonated -NH2 and -NH- 
groups in CBZ and ATZ facilitate analyte association with the negatively charged carboxylate groups of the AuNP 
citrate coating (Fig. 1b). To affirm this speculation, benzoic acid (pKa =  4.2), an aromatic compound without an 
amine group, was used as a negative control. Under similar conditions as used for CBZ, no Raman signal for BA 
could be observed, thus further suggesting the role of pH sensitive amine groups in the SERS detection of CBZ 
and ATZ (Supplementary Fig. S-5). In contrast, our positive control MGITC, which associates with AuNP via a 
thiol linkage, exhibited pH insensitive SERS27,36.

To further support our contention that CBZ and ATZ associate with the surface via their nitrogen groups we 
examined the collected SERS spectra and compared them to the normal Raman spectrum of each compound 
(Fig. 3a,b). For each analyte, the prominent peaks in the normal Raman spectra appear in the respective SERS 
spectra, but exhibit substantial signal enhancements, thus validating that the spectra reflect the SERS of the target 
analytes. The measured Raman shift reflects the vibrations of chemical bonds, and thus significant differences in 
Raman shift between the SERS spectrum and the normal Raman spectrum indicate the change in the vibration 
of a particular chemical bond that is caused by an interaction between the analyte and the NP surface37,38. In the 
SERS spectra of CBZ and ATZ there is very little shift in the Raman peaks relative to their normal Raman spectra 
in the 400-1400 cm−1 range (these peaks primarily reflect covalent interactions within the six-member rings and 
C-C bonds)39, thus indicating the main mechanism for the SERS of these bands is via long distance electromag-
netic enhancement40. However, there are detectable blue shifts and significant enhancement of the peaks in the 
range 1500–1600 cm−1 (N-H and C-N bonds)39, indicating shorter distance chemical SERS enhancements in 
addition to the longer range electromagnetic enhancement38. SERS spectral analysis thus supports our specula-
tion that CBZ and ATZ associate with the AuNPs through an electrostatic attraction between amine groups and 
the citrate coating of the AuNPs. The -NH2 group in CBZ and the two protonated -NH- groups of the ATZ ring 
substituents are in close proximity to the AuNP surface, while the six-member rings are further away from the 
AuNP surface (Fig. 3c). Our speculation that the positively-charged amine groups of CBZ and ATZ associate 
with the negatively-charged carboxylate groups on AuNP surface is supported by the following: 1) The signifi-
cant enhancement in the SERS intensity of CBZ and ATZ was observed at pH values below their respective pKa 

Figure 2. Average Raman spectra of AuNP/BC exposed to (a) 250 μM CBZ and (b) ATZ solutions of 
different pH; (c) Change of signal/background ratio (I1222/I1371 for CBZ and I961/I1371 for ATZ) as a function 
of solution pH; (d) Change of signal/background ratio for ATZ with five consecutive exposure to ATZ at 
pH = 1.3 and NaOH washing at pH = 13. (Average of 400 spectra in a 20 μ m ×  20 μ m area, laser 785 nm, 5 mW, 
10×  objective).
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values, thus highlighting the important role of positively-charged amine groups (Fig. 2). 2) A similar phenomenon 
was observed for a variety of amine-containing compounds (positive controls) with low pKa values, but not for 
carboxylate-containing compounds (negative controls; Supplementary Table S-3 and Fig. S-5), further corrobo-
rating the role of positively-charged amine groups. 3) The substantial enhancement and shift of the amine SERS 
bands of CBZ (1521 cm−1 and 1596 cm−1) and ATZ (1538 cm−1 and 1598 cm−1) relative to their normal Raman 
bands indicate that the amine groups were close to the AuNP surface and thus subject to chemical enhancement.

The SERS enhancement factor (EF) for AuNP/BC was estimated using equation (1) and the simplifying assump-
tion that all of the CBZ and ATZ initially added associated with the AuNPs:

=
( )

EF I N
I N 1

SERS NR

NR SERS

where ISERS and INR are the peak intensities at 1222 cm−1 for CBZ and 961 cm−1 for ATZ on AuNP/BC and solid, 
respectively, and NSERS and NNR are estimates for the number of analyte molecules within the laser probe volume 
for both AuNP/BC and the solid. Using this relationship EF was calculated to be 1 ×  105 for CBZ and 3 ×  105 for 
ATZ. We note that our calculated EF is a lower bound of the actual EF due to that fact that substantial amounts 
of free CBZ and ATZ both remain in solution and associate with the BC matrix. As stated in the highly cited 
and comprehensive study of SERS EF by Etchegoin and colleagues41, an EF of 107 is sufficient to enable single 
molecule SERS detection and thus our calculated value of 105 reflects a substantial enhancement. We note that 
a recent study42 coupling capillary chromatography with SERS for ATZ detection reported an EF value of only 8 
and that we experimentally determined an EF of 10 using a commercially available substrate (Supplementary Figs 
S-6,7; Note 1). Our value is nearly five orders of orders of magnitude larger. Large variations in the reported SERS 
spectra for atrazine in the literature and their obvious differences relative to the normal Raman and theoretical 
spectra of atrazine illustrate the challenges that to date have plagued reproducible atrazine detection by SERS39,43–45. 
Furthermore, the lack of information about temporal and spatial SERS signal variations makes the reproducibility 
of these studies questionable.

Reproducibility, Reusability, and Quantitation. The electrostatic attraction between the amine groups 
of CBZ and ATZ and the AuNP surface results in spatially and temporally repeatable binding of these analytes to 

Figure 3. (a) Average Raman spectra of CBZ solid, and CBZ on AuNP/BC hydrogel; (b) Average Raman 
spectra of ATZ solid, and ATZ on AuNP/BC hydrogel; (c) The molecular orientation of CBZ and ATZ on 
AuNPs. (Average of 400 spectra in a 20 μ m ×  20 μ m area, laser 785 nm, 5 mW, 10×  objective; For ATZ solid, 
11.1 mW, 100×  objective).
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the nanocomposite as evinced by both XY Raman imaging as well as SERS barcodes. We produced XY image scans 
by tracking the intense peaks at 1222 cm−1 (CBZ) and 961 cm−1 (ATZ). Prior to adding CBZ or ATZ, the Raman 
maps were completely blank thus demonstrating no observable signal (Fig. 4a). After adding CBZ or ATZ, the 
maps become bright yellow indicating strong CBZ and ATZ signals (Fig. 4a). The uniform distribution of the SERS 
signal across the Raman maps illustrates the homogeneity and reproducibility of the binding. To further illustrate 
the extreme reproducibility of our substrate we constructed “SERS barcodes” for each analyte. Such barcodes have 
recently been proposed as a tool to succinctly illustrate the relative intensities of all the peaks in a set of collected 
Raman spectra46. Herein we randomly selected 50 spots from our collected XY Raman maps (Fig. 4b). As shown 
in Fig. 4b, higher intensity Raman bands are brighter, while lower intensity bands are darker. For both CBZ and 
ATZ perfect barcodes were readily obtained. For comparison, we illustrate the barcode for the MGITC positive 
control, which was expected to be highly legible because of the covalent Au-S linkage that results in reproducible 
binding to the surface. For pH <  pKa, CBZ and ATZ, our two analytes with low surface affinity, exhibited similar 
reproducible behavior thus further suggesting that they align in consistent orientations across the AuNP surface.

Reusability is important, yet difficult to achieve for many SERS substrates due to the irreversible binding of 
the analyte to the sensor surface. However, because this platform relies on electrostatic attractions it is possible 
to regenerate and reuse it by simply cycling the pH between 1.3 and 13 (Fig. 2d). As shown, a consistent SERS 
signal intensity for ATZ at pH 1.3 is easily recovered through five cycles. This capacity is the result of the acidic 
and alkaline resistance of the BC matrix as well as the AuNPs.

Using the intensity of the background band at 1371 cm−1 as an internal standard we established the minimum 
quantification level for CBZ and ATZ using the aforementioned peaks at 1222 cm−1 and 961 cm−1. Accordingly, 
intensity ratios for signal and background peaks (I1222/I1371 and I961/I1371) were used for CBZ and ATZ quantifica-
tion, respectively. For each analyte a series of concentrations from 25 nM to 250 μ M were used to test the AuNP/
BC substrate. Over this concentration range the background peak at 1371 cm−1 exhibits little change in intensity, 
while the CBZ and ATZ peaks at 1222 cm−1 and 961 cm−1 increase monotonically (Fig. 5a,b). For both analytes, the 
intensity ratio increased significantly from 25 nM–25 μ M and then began to level off between 25–250 μ M (Fig. 5c). 
We attribute this latter phenomenon to nanocomposite saturation at high CBZ and ATZ concentrations. When 
the concentration was plotted in logarithmic form, a linear relationship results (Fig. 5d). The limits of detection 
(LOD; defined as the signal-to-noise ratio =  3; ref. 47) are 3 nM and 11 nM for CBZ and ATZ, respectively. US 
EPA has set a regulation limitation for ATZ in drinking water of 3 μ g/L. Although our LOD for ATZ (11 nM or 
2.3 μ g/L) by SERS is slightly higher than that of GC-MS (0.12 μ g/L, EPA standard method)48, the SERS method is 
considerably more rapid, is easier and shows potential for on-site detection.

To illustrate the possibility to employ AuNP/BC for real environmental samples, it was tested using surface 
water acquired from a local creek. For this effort, 100 nM of CBZ and 250 nM of ATZ were spiked into unpurified 
surface water. Following 15 s of mixing of AuNP/BC with the solution, the nanocomposite was taken out for Raman 
testing. From the sample spiked with low concentration CBZ (100 nM) and ATZ (250 nM), the characteristic bands 
of CBZ (394, 578, 1030, 1222, 1325 cm−1) and ATZ (544, 651, 692, 834, 961, 1258, 1538 cm−1) were clearly observed 
while from the blank sample no such bands appeared (Supplementary Fig. S-8). These results indicate that AuNP/
BC can be applied in real world surface waters.

Figure 4. (a) Raman XY maps of CBZ, ATZ and blank solutions at pH =  2.0 or 1.3 on AuNP/BC 
nanocomposite; (b) SERS barcodes of 50 randomly selected spectra in a Raman map overlapping together for 
MGITC, CBZ and ATZ.
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Hydrogel deformation-induced intensity changes. In the hydrated state, AuNP/BC is a 
three-dimensional hydrogel with a height 5500 ±  100 μ m. When fully dried the hydrogel shrinks in the vertical 
direction into a thin film with a height of 16 ±  1 μ m. In our previous study, the drying of AuNP/BC produced 
significant signal enhancements for MGITC and Rhodamine 6G due to drying induced formation of SERS “hot 
spots”27. Interestingly, CBZ exhibited similar behavior, while ATZ did not. As shown in Fig. 6a, the SERS intensity 
of CBZ gradually increased from 0 (wet) to 90 min (dry) indicating that positively charged CBZ associates with the 
AuNP surface during the drying process. However, for ATZ the Raman signal decreases and ultimately disappears 
when the drying time is increased from 0 (wet) to 90 min (dry; Fig. 6b).

Spatially averaged spectra for CBZ and ATZ under both wet and dry hydrogel conditions are shown in Fig. 6c,d. 
The spectra of CBZ at 0 and 90 min are similar except for the observed change in SERS intensity (Fig. 6c), while 
the ATZ spectrum at 0 min is completely lost at 90 min (Fig. 6d). These data suggest that ATZ was transported 
away from the AuNP surface during drying due to capillary forces generated by water evaporation. We therefore 
searched for the ATZ signal near the edges of the dry substrate and found it to be heterogeneously distributed 
across the edge (Supplementary Fig. S-9a). Collected Raman maps of the edge were highly heterogeneous and 
could not be used to generate clear SERS barcodes (Supplementary Fig. S-9b).

Clearly, AuNP/BC needs to be hydrated for ATZ detection. The much weaker interaction force between ATZ 
and the AuNP surface relative to CBZ can be attributed to the following: 1) The secondary amine group of ATZ 
shows less affinity to the surface carboxylate groups than the primary amine of CBZ; 2) In addition to the amine 
groups of ATZ, there are also one isopropyl group and one ethyl group. These hydrophobic groups are expected 
to decrease the affinity of ATZ to the polar surface of AuNPs and may provide steric hindrance that restricts the 
binding of the secondary amine to the surface carboxylate groups (Fig. 3). In contrast, the primary amine group of 
CBZ is at the far end of the molecular structure without any alkyl groups around, and thus it has greater capacity to 
bind to the AuNP surface. 3) The Kow of ATZ (2.68) is higher than that of CBZ (1.51) indicating that ATZ is more 
than one order of magnitude more hydrophobic than CBZ34,35. The AuNP/BC platform is extremely hydrophilic 
due to the large number of hydroxyl groups on the nanocellulose fibers. Due to the capillary forces generated dur-
ing water evaporation, the more hydrophobic ATZ is more likely to recrystallize from the system (Supplementary 
Fig. S-7 and Note 1) while the more hydrophilic CBZ is more likely to be retained. The above three factors may 

Figure 5. Average Raman spectra for (a) CBZ and (b) ATZ concentrations of 25 nM–250 μM on AuNP/
BC hydrogel; (c) The 1222 cm−1/1371 cm−1 ratio and the 961 cm−1/1371 cm−1 ratio increase as a function 
of analyte concentration; (d) The 1222 cm−1/1371 cm−1 ratio and the 961 cm−1/1371 cm−1 ratio increase 
linearly with analyte concentration in logarithmic form. 
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act synergistically to result in this phenomenon. In the future, we intend to systematically examine the influence 
of molecular structure on SERS using a series of chemically similar compounds.

Broad applicability. To examine the broad applicability of our SERS platform, five additional analytes (mel-
amine, 2,4-dichloroaniline, 4-chloroaniline, 3-bromoaniline, and 3-nitroaniline) with low pKa values were tested 
under both neutral and the pH <  pKa conditions (Supplementary Table S-3). For these compounds, the signal/
background ratio (Isignal/Ibackground) increased by 2–136×  at pH <  pKa compared to neutral pH (Supplementary Table 
S-3), further supporting the pH-triggered affinity enhancement of compounds with amino groups. SERS barcodes 
(Supplementary Fig. S-10) of these compounds were acquired under low pH conditions thus demonstrating the 
perfect reproducibility of their SERS spectra. These results further indicate that pH-triggered SERS using the 
AuNP/BC platform can be applied to a range of pollutants.

Discussion
A facile and stable AuNP/BC nanocomposite was synthesized and used as a low pH SERS substrate. SERS detection 
of carbamazepine and atrazine was achieved using this platform by lowering the solution pH to a value below 
the analyte’s pKa. The enhanced affinity and higher SERS intensity are triggered simply by adjusting solution pH 
without the need to modify the AuNP surface. The electrostatic interaction between the analyte and the AuNP 
surface can be reversed by adjusting the solution pH. At pH <  pKa, the consistent molecular alignment on the 
AuNP surface results in highly reproducible SERS spectra. This protocol simplifies and reduces the cost of detecting 
amine-containing compounds with low pKa. The sampling and detection time is short (< 1 min) and the preparation 
procedure is simple, thus making this platform promising for real world application. Compared with conventional 
suspension-based SERS substrates, AuNPs are restrained in BC matrix and are not subject to uncontrolled aggre-
gation and flocculation at acidic pH. Meanwhile, the AuNP/BC is readily stored and transported due to its small 
volume. Compared with solid SERS substrates, AuNP/BC is easier and cheaper to synthesize and shows much 
higher EF values and improved reproducibility (Supplementary Fig. S-6&7 and Note 1). Because AuNP/BC is a 3D 
hydrogel, drying-induced deformation generates additional SERS hot spots in the vertical direction and can lead to 
stronger SERS intensities for relatively hydrophilic compounds. After drying, the AuNP/BC SERS platform shrinks 
into a thin (16 μ m) and light (0.4 mg) film, which reduces waste compared with solid SERS substrates. This is the 
first report on the pH-triggered SERS detection of real contaminants with relatively low affinity to AuNP surface. 
Quantitative analysis was achieved using common citrate-AuNPs without any surface modification. Different from 
the mainstream literature focusing on the design of intricate nanostructures to enhance the intrinsic SERS EF, 
this paper emphasizes the importance of surface affinity, especially electrostatic interactions for SERS detection of 

Figure 6. Raman XY maps of the (a) CBZ 1222 cm−1 peak and (b) ATZ 961 cm−1 peak for the AuNP/
BC hydrogel under wet (0 min and 30 min) and dry (90 min) conditions; (Average of 140 spectra in a 
20 μm × 7 μm area, laser 785 nm, 5 mW, 10× objective.) Average Raman spectra of (c) CBZ and (d) ATZ for 
the AuNP/BC hydrogel under wet and dry conditions. 
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real-world contaminants. We expect that the AuNP/BC nanocomposite will serve as an ideal platform for studying 
the influence of solution pH on SERS detection of a broad suite of analytes.

Recently reported SERS substrates with AuNPs embedded in polymeric matricies are summarized in Table 
S-427,49–57. We focus on flexible SERS substrates due to their intrinsic advantages for real world application relative 
to rigid substrates58. Our AuNP/BC platform is compared to existing AuNP/polymer composites in terms of the 
following: 1) Support material: Compared with cellulose and synthetic polymer nanofibers, the nanocellulose 
used in this study is a naturally produced polymer that not only can house greater numbers of AuNPs due to its 
nanoscale size, but also exhibits the potential for biocompatible application. 2) Preparation method: Most AuNP/
polymer composites are synthesized by multi-step methods. First, the AuNPs are synthesized based on an existing 
protocol. Second, the polymers are impregnated by exposure to an AuNP suspension or the polymer precursors 
are polymerized onto the AuNPs by gelation or electrospinning. Our AuNP/BC nanocomposite was synthesized 
by a one step in situ reduction method that is considerably faster and easier. 3) Application form: A majority of the 
reported AuNP/polymers have only been used under dry conditions due to their low stability in water. The AuNP/
BC platform is a rigid hydrogel with high water stability. It can accumulate analytes directly from water and be 
reused many times without losing its stability. The hydrogel can “replicate” the pH of the bulk solution that is the 
basis for our later pH-triggered detection. 4) Application pH: Due to the chemical and water stability of AuNPs 
(compared with AgNPs) and nanocellulose, our material can be used at acidic pH (as low as 1.3 for ATZ detection) 
while the other materials in Table S-4 have only been tested at neutral pH. At low pH values, amine-containing 
compounds with low pKa are protonated and easily associate with the citrate-coated AuNP surface. This low-pH 
stable SERS platform extends the application of SERS to the detection of low pKa compounds in an easy and 
reproducible manner. Further, by manipulating solution pH, this material can be easily regenerated and reused, 
which to our knowledge cannot be achieved by other AuNP/polymer materials. 5) Target analyte: As indicated in 
Table S-4, most of the AuNP/polymer substrates reported to date have been tested using Raman resonant dyes or 
compounds with sulfur atoms. These compounds either exhibit large Raman cross sections or have a strong affinity 
to the AuNP surface. In our study, two neutral environmental contaminants - atrazine and carbamazepine with low 
affinity to AuNPs were tested. Excellent SERS reproducibility and sensitivity were achieved for these compounds 
by simply adjusting solution pH.

Methods
Reagents. Gold chloride trihydrate (HAuCl4 · 3H2O) was purchased from MP Biomedicals. Sodium citrate 
tribasic dihydrate (Na3Cit · 2H2O), benzoic acid (BA), melamine, 2,4-dichloroaniline, 4-chloroaniline, 3-bromoan-
iline, and 3-nitroaniline were purchased from Sigma-Aldrich. Atrazine (98.9%) and carbamazepine (99.0%) were 
purchased from Chem. Service and Acros Organics, respectively. Malachite green isothiocyanate (MGITC) was 
acquired from Invitrogen Corp. (Grand Island, NY). HCl and ethanol were purchased from Fisher Scientific. BC 
was grown by culturing Gluconacetobacter xylinus in corn steep liquor for 14 days59. Surface water was obtained 
from Tom’s Creek near the Virginia Tech campus and was used without pretreatment.

Preparation of AuNP/BC. Sixteen pieces of BC (0.5 cm ×  0.5 cm) were incubated in 0.7 mL HAuCl4 solution 
(30 mM) and vortexed for 30 s. Subsequently, they were transferred into 50 mL of boiling 1.2 mM Na3Cit and kept 
for 1.5 h. The resultant AuNP/BC was rinsed 10×  with 25 mL aliquots of DI water. In parallel, a suspension of 
AuNPs with a uniform size of 50 nm was synthesized via seed-mediated growth (Supplementary Note 2)60.

Control experiments. Control experiments were conducted to exclude potential background interferences 
in the normal Raman spectra of CBZ and ATZ. CBZ or ATZ (250 μ M) when dissolved in ethanol only exhibit 
the Raman peaks of the ethanol solvent (Fig. S-3) thus indicating the normal Raman spectrum of CBZ and ATZ 
in solution is challenging to obtain. Under our operating conditions the normal Raman spectrum of CBZ and 
ATZ could only be acquired using CBZ or ATZ solids and a high energy laser. Assignments of the Raman bands 
for CBZ and ATZ are found in Supplementary Tables S-1 and S-2. Raman spectra of CBZ and ATZ on pure BC 
were acquired to verify all the Raman signals obtained previously were from AuNP-enabled SERS. As shown in 
Supplementary Fig. S-4a,b, no Raman signal was obtained using only BC, thus indicating the spectra originate 
from AuNP-enabled SERS. Furthermore, exposure of AuNP/BC to solutions without CBZ or ATZ produces only 
a weak Raman signal that corresponds to citrate (Supplementary Fig. S-4a,b).

Sampling. To study the influence of pH on SERS, one piece of AuNP/BC was immersed in 4 mL of 250 μ M 
CBZ or ATZ solution at pH =  1.3–6.0 and vortexed for 15 s. As control experiments, AuNP/BC was exposed to 
4 mL of 2.5 μ M MGITC solution at pH =  6.0 and 250 μ M BA solution at pH =  2.0. To quantify CBZ and ATZ, 
AuNP/BC was immersed in 4 mL 0.025–250 μ M CBZ and ATZ solution at pH =  2.0 or 1.3. To test the substrate 
in real environmental waters, AuNP/BC was immersed in 4 mL surface water spiked with 100 nM CBZ or 250 nM 
ATZ at pH =  2.0 or 1.3, respectively. A blank surface water sample pH adjusted with HCl was used as a control.

Regeneration. Following exposure to 4 mL of 250 nM ATZ solution at pH =  1.3, one piece of AuNP/BC was 
characterized via Raman spectroscopy. Subsequently, the sample was washed 3×  with 10 mL DI water, 3×  with 
2 mL NaOH solution (pH =  13), and copiously washed with DI water to remove NaOH. Following alkaline washing, 
the sample was immersed in 4 mL HCl solution (pH =  1.3) and tested again with Raman spectroscopy. The whole 
process described above was repeated five times.

Comparison with suspension and solid-based substrate. AuNPs with uniform particle size (50 nm) 
were prepared and used to represent suspension-based SERS. Following addition of 1 mL of 1 mM CBZ or ATZ 
solution into 3 mL AuNP suspension and vortexing for 15 s, the suspensions were subjected to Raman measurement. 
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A commercial SERS substrate (Klarite) was also tested. A Raman map was obtained at the edge of the coffee ring 
formed by drop deposition of 10 μ L of 1 mM ATZ solution on the Klarite substrate.

Instrumentation. Following sampling, the AuNP/BC was put onto aluminum foil and tested via Raman 
spectroscopy (WITec alpha 500R). For each measurement, a XY area (20 μ m ×  20 μ m) of 400 points was scanned. 
A 785 nm wavelength laser and a 10×  objective (5 mW, 0.5 s integration time) were used to collect each spectrum 
in the Raman map. The signal was transmitted through a 300 gr/mm grating and detected using a Peltier CCD. 
Unlike the single spectra reported in most of the SERS literature, each of the spectra reported herein represent 
the average of the 400 baseline corrected (Origin 8.0) spectra in the collected Raman maps. Each of the calculated 
“SERS barcodes”46 contains 50 randomly selected spectra from one XY Raman map. Each spectrum (352 data 
points) was normalized to the most intense peak before all the data points (352 ×  50) were converted into a matrix 
that was subsequently projected into “barcode” images using Origin 8.0. To monitor Raman signal changes due to 
the deformation of the AuNP/BC hydrogel, Raman maps were scanned every 30 min. The morphologies of AuNP/
BC were characterized by field emission scanning electron microscopy (FESEM, LEO (ZEISS) 1550). Extinction 
spectra of AuNP/BC were measured with a UV-Vis spectrophotometer (Cary 5000, Agilent) after pasting the 
hydrogel on the inner wall of a cuvette.
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