
Chemical Geology 661 (2024) 122181

Available online 20 May 2024
0009-2541/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies.

Measurement of total amine site concentrations on bacterial cell surfaces 
using selective site-blocking and potentiometric titrations 

Qiang Yu *, Jeremy B. Fein 
Department of Civil & Environmental Engineering & Earth Sciences, University of Notre Dame, Notre Dame, Indiana 46556, United States   

A R T I C L E  I N F O   

Editor:Dr. Hailiang Dong  

Keywords: 
Potentiometric titration 
Amine 
Bacterial cell surface 
Surface complexation modeling 

A B S T R A C T   

Bacterial cell surface amine binding sites can form strong complexes with both toxic metal cations and anionic 
contaminants, thereby affecting the behavior of these contaminants in both natural and engineered systems. In 
this study, a novel approach was developed to measure the concentration of total amine sites on bacterial cell 
surfaces by combining selective site-blocking, potentiometric titrations and surface complexation modeling. Our 
controls show that the amine blocker sulfo-N-hydroxysulfosuccinimide acetate (SNHS) selectively reacts with 
primary and secondary amine sites but does not react with other binding sites on the bacterial cell surface. Amine 
site concentrations on bacterial cell surfaces, therefore, can be measured as the difference between the total site 
concentrations of un-blocked and SNHS-blocked bacterial samples. We measured amine site concentrations on 
Bacillus subtilis and Pseudomonas putida of 52 ± 5 and 78 ± 6 μmol/g, respectively, which account for 24% and 
32% of the total binding sites on each bacterial surface. Our results suggest that amine sites can be present in 
relatively high concentrations on bacterial surfaces, and further studies that are focused on the role of cell surface 
amine sites on the transport and bioavailability of toxic metal cations and anionic contaminants are crucial.   

1. Introduction 

Bacteria are ubiquitous in the environment and can control element 
cycling and the mobility and fate of soil and groundwater contaminants 
through adsorption, reduction/oxidation, and/or degradation reactions 
(Beveridge and Murray, 1976; Lovley, 1993; Fuchs et al., 2011). The 
organic acid functional groups on bacterial cell surfaces play an 
important role in these processes because adsorption onto these binding 
sites typically represents the first step of solute-bacteria interaction. For 
example, bacterial surface binding sites not only directly control the 
adsorption of a variety of metals such as Cd, Zn and Hg onto bacterial 
cells (Beveridge and Murray, 1976; Daughney et al., 2002; Guiné et al., 
2006), but also contribute to bacterial reduction of a range of elements 
such as Au, Se and Cr (Kang et al., 2017; Yu et al., 2018; Brown et al., 
2024). Previous research has highlighted the important role of carboxyl, 
phosphoryl, amine and sulfhydryl binding site types on bacterial cell 
surfaces (Fein et al., 1997; Cox et al., 1999; Ngwenya et al., 2003; Jiang 
et al., 2004; Guiné et al., 2006; Brown et al., 2024). In order to under
stand and model the role of these sites in bacterially-controlled re
actions, it is crucial to determine which surface sites are involved and to 
measure their cell surface abundance and reactivity. 

Bacterial cell surface amine binding sites have been identified as 
potentially important in a range of microbe-mediated reactions. For 
example, amine binding can control aqueous metal cation adsorption 
onto bacterial cells (Beveridge and Murray, 1980; Chang et al., 2023), 
Zn uptake by some plants (Mishra et al., 2020), and Cr(VI) reduction by 
bacteria (Brown et al., 2024). Although the total concentration of 
binding sites on bacterial cell surfaces and the concentration of some 
specific types of binding sites (e.g., sulfhydryl) have been measured 
(Beveridge and Murray, 1980; Joe-Wong et al., 2012; Yu et al., 2014), 
measurements of the concentration of amine binding sites are scarce. 
Beveridge and Murray (1980) used an indirect molecular tagging 
approach to quantify amine site concentrations on isolated Bacillus 
subtilis bacterial cell walls, measuring approximately 0.3 μmol of sites/g 
cell wall, but this is the only published amine site concentration mea
surement, and it is difficult to use this value to determine the absolute 
and relative concentration of amine sites on undisturbed whole cells. 

Amine sites are distinct from the other bacterial surface functional 
groups in that they are positively charged when protonated and 
neutrally charged when deprotonated. In their neutral state, amine sites 
can complex with metal cations (Eßmann, 1995; Modec et al., 2020), 
and when they are positively charged, amine sites can bind negatively 
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charged solutes (Deng et al., 2008; Deng et al., 2009; Deng et al., 2013). 
Because of their positive charge when protonated, amine sites likely play 
an important role in the adsorption of, and bacterial reactivity with, 
anionic metalloids (e.g., chromate (Srinath et al., 2002), arsenate (Tariq 
et al., 2019), etc.) and anionic organic molecules (e.g., deprotonated 
PFAS molecules (Butzen and Fein, 2020), etc.). In order to fully under
stand and model the role of amine sites in bacterial interactions with 
metals, metalloids, and anionic solutes, it is crucial to quantify the 
concentrations of amine sites on bacterial cell surfaces. 

Currently, the best available method to measure the total concen
tration of proton-active binding sites on bacterial cell surfaces is an 
approach that combines potentiometic titration and surface complexa
tion modeling (SCM) (Xue et al., 1988; Fein et al., 1997; Cox et al., 1999; 
Pagnanelli et al., 2000; Ngwenya et al., 2003; Yee et al., 2004). Although 
this approach provides a reliable means to derive total site concentra
tions, and has been used effectively to constrain the protonation 
behavior of cell envelope functional groups (Daughney and Fein, 1998; 
Ngwenya et al., 2003; Takahashi et al., 2005), the interpretation of the 
data to infer concentrations and acidity constant (pKa) values for specific 
proton-active binding sites is model-dependent (Fein et al., 2005a). The 
potentiometric titration approach models the measured buffering 
behavior of bacterial cells by solving for pKa values and associated site 
concentrations, defining a site not as an entity having a specific chemical 
composition, but rather as the set of functional groups that have the 
same pKa value. Because different chemical functional group types (e.g., 
carboxyl, phosphoryl, amine, etc.) can have similar pKa values, this 
approach does not directly constrain the concentration of each chemical 
type of functional group on bacterial cell surfaces. In order to quantify 
the concentration of sulfhydryl sites on bacterial cell surfaces, we pre
viously developed a method that couples selective blocking of sulfhydryl 
sites with potentiometric titrations and surface complexation modeling 
(Yu et al., 2014), precisely measuring the total available site concen
trations with and without sulfhydryl-specific blocking. In this approach, 
the difference in these measured total site concentrations equals the 
concentration of sulfhydryl sites on the cell surface. This site-blocking 
approach can be extended to measure the concentrations of other 
types of bacterial surface sites if appropriate site-specific blockers are 
available. 

In this study, we use a site-specific blocking approach to measure the 
concentration of amine sites on bacterial cell surfaces. We use a 
commercially available amine blocker, sulfo-N- 
hydroxysulfosuccinimide acetate (SNHS), for selectively blocking 
amine sites. We first demonstrate the amine-selectivity and reactivity of 
SNHS using silica resins coated with different types of functional groups. 
We then use potentiometric titrations and surface complexation 
modeling to determine the concentration of total binding sites present 
within suspensions of bacterial cells with and without SNHS treatment 
of the cells to block the amine sites. The concentration of amine sites is 
determined by measuring the decrease in the concentration of total 
binding sites after the amine sites were selectively blocked by SNHS. 
Using this approach, we report the concentrations of amine sites on 
bacterial cell surfaces of a Gram-negative (Pseudomonas putida) and a 
Gram-positive (Bacillus subtilis) bacterial species, both of which are 
widely found in soil and water. 

2. Materials and Methods 

2.1. Materials 

Sulfo-N-hydroxysulfosuccinimide acetate (SNHS) and L-cysteine 
(CYS) were purchased from Thermo Fisher Scientific, Inc. and Sigma 
Aldrich, Inc., respectively. Five silica-based resins with different func
tional group coatings were used in this study to test the selectivity of 
SNHS. Their manufacturers and properties are shown in Table 1. The Si- 
Thiol and Si-Carboxyl resins were used to simulate the sulfhydryl and 
carboxyl sites on bacterial cell surfaces, respectively. Two Si-Trisamine 

resins that contain different ratios of primary(−NH2)/secondary(-NH) 
amine sites were used to test the reactivity of SNHS towards the two 
different amine site types. The Si-Sulfonic resin whose sulfonic sites have 
a pKa < 2 was used as a control to measure the buffering capacity of the 
silica base of the resins. Each of the resins was used as received. 

2.2. Bacterial Cell Preparation 

One Gram-negative (Pseudomonas putida) and one Gram-positive 
(Bacillus subtilis) bacterial species were studied. The procedures for 
growth and washing of the bacterial cells were similar to those described 
previously (Fein et al., 1997; Fein et al., 2005a). Briefly, cells of each 
bacterial species were first cultured aerobically in 3 mL of autoclaved 
trypticase soy broth with 0.5% yeast extract at 32 ◦C for 24 h and then 
transferred to 2 L of autoclaved growth medium of the same composition 
at 32 ◦C for another 24 h. After incubation with agitation (100 rpm), the 
bacterial cells were harvested by centrifugation at 10,970g for 5 min. 
The biomass pellets were rinsed with a 0.1 M NaCl solution, followed by 
centrifugation at 8100g for 5 min, and the same process was repeated 
three times. The biomass pellets were then transferred into pre-weighed 
test tubes and centrifuged for two 30-min intervals at 8100g. After 
decanting the supernatant, this wet weight of the cells was used to 
calculate the bacterial concentrations in the subsequent experiments, 
and the bacterial concentrations that are reported in this study are these 
wet weights. 

2.3. Blocking of Amine Sites 

In order to block amine sites on the cell and resin surfaces, the 
bacterial pellets or resins were suspended in a freshly prepared SNHS 
solution in 0.1 M NaCl with pH buffered to 8.5 ± 0.1 using a 1.8 mM 
Na2HPO4/18.2 mM NaH2PO4 buffer, with a SNHS:solid ratio of 0.2 
mmol/g for the biomass samples and 8 mmol/g for the resins. We 
attempted to use enough SNHS to attain a 2:1 M ratio for SNHS: amine 
sites for each sample in order to completely block all the amine sites. Our 
results (shown in Tables 2 and 4) indicate that the added SNHS con
centration was actually approximately 3–4 times the measured amine 
site concentrations on the biomass samples, and 6–7 times the measured 
amines site concentrations on the amine resins. Therefore, we conclude 
that the added SNHS concentration during the pre-treatment was suffi
cient to block all of the amine sites on each type of surface studied. Each 
mixture was allowed to react for 2 h at room temperature under 
continuous shaking on a rotating plate at 60 rpm. The manufacturer’s 
instructions suggest 1 h of reaction time (ThermoScientific, 2023), so a 
2 h soak time should be sufficient for the blocking reaction to be 
completed. We also tested a 3 h soak time, and we did not find a dif
ference in the titration results between the 2 h and 3 h soak time samples 
(data not shown). After the reaction, the biomass or resin bead pellets 
were separated from the SNHS solution by centrifugation at 8100 g for 5 
min. The pellets were rinsed with a 0.1 M NaCl solution, followed by 
centrifugation at 8100 g for 5 min, and the same wash process was 
repeated three times. The biomass or resin pellets were then transferred 
into pre-weighed test tubes and centrifuged for two 30-min intervals at 
8100 g. After decanting the supernatant, the wet weight of the cells or 

Table 1 
Properties of Silica-based Resins (manufacturer’s data).  

Resin Manufacturer Functional Groups Catalogue # 

Si-Thiol Biotage -SH 9180–0010 
Si-Carboxyl Silicycle -COOH R70030B-5G 
Si-Sulfonic Biotage -SO3H 9536–0010 
Si-TrisamineB* Biotage -NH/NH2(1:2) 9450–0010 
Si-TrisamineS* Supra Sciences -NH/NH2(2:1) SPSI20–25  

* Here ‘B’ designates the trisamine resin from Biotage and ‘S’ the trisamine 
resin from Supra Sciences. 
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resin was recorded. 

2.4. Potentiometric Titrations 

Potentiometric titrations were conducted using a T70 autotitrator 
from Mettler Toledo Inc. and using 1 M HCl or NaOH calibrated stan
dards purchased from Fluka Chemical Corp. Prior to each titration, the 
0.1 M NaCl solution in which the titration was to be conducted was 
purged with N2 gas for at least 1 h in order to remove dissolved CO2, and 
the electrode for pH measurement was calibrated using NIST-derived 
standard buffer solutions with pH values of 1.68, 4.01, 7.00 and 
10.01. Bacterial cells with or without SNHS treatment were then sus
pended in the degassed 0.1 M NaCl solution to achieve a homogeneous 
suspension with a bacterial concentration of approximately 30 g/L, and 
10–11 mL of this suspension was used in each titration. Titrations of 
resin-bearing suspensions were conducted using the same procedure as 
was used for the biomass samples except that we used a resin concen
tration of 5 g/L. In order to test the accuracy of the potentiometric 
titration approach for measuring amine sites, some titrations were 
conducted without suspended solids, titrating 0.1 M NaCl alone, 0.1 M 
NaCl with 1 mM CYS, and 0.1 M NaCl with 1 mM CYS and 1 mM 
monobromo(trimethylammonio)bimane bromide (qBBr, supplied by 
Toronto Research Chemical, Inc.). A CYS molecule has three functional 
groups: carboxyl, amine and sulfhydryl groups, with pKa values of 1.92, 
8.37 and 10.70, respectively (O’Neil, 2013). Therefore, the buffering 
capacity of a CYS solution in a pH range of 3.0–9.7 is primarily due to the 
deprotonation of the amine group, but is slightly affected by the pro
tonation of the sulfhydryl sites as well. The qBBr molecule selectively 
blocks the sulfhydryl sites on CYS (Yu et al., 2014), so our titrations of 
the 1 mM CYS solution that also contained 1 mM qBBr solution were 
conducted to isolate the buffering behavior of the amine sites alone. All 
of the titrations were conducted in a closed vessel with N2 gas contin
uously supplied to the headspace, and each suspension or titrated so
lution was stirred continuously with a teflon-coated magnetic stir bar. 

For each titration, two steps were conducted: 1) acidifying the sus
pension or solution from the original pH down to pH 3.0 by adding HCl 
standard; and 2) an up-pH titration from pH 3.0 to pH 9.7 by adding 
NaOH standard. Only these up-pH titration data were used for the sur
face complexation modeling to calculate the total amine site concen
trations. The autotitrator was set to operate using a method in which the 
equilibration time for each step of the titration was controlled, and the 
volume of acid or base added at each step was recorded, with a mini
mum addition volume of 0.25 μL. New titrant was added after the signal 
drift reached a minimum stability of 0.01 mV/s, or after a maximum 
waiting time of 60 s was achieved. In preliminary experiments, we 
conducted down-pH titrations from pH 9.7 to pH 3.0 immediately 
following the up-pH titrations, and the obtained titration curves (not 
shown) matched well with their corresponding up-pH titrations, sug
gesting rapid reversibility of the protonation reactions and that no sig
nificant damage occurred to the cells or resins during the up-pH 
titrations. The total titrant addition during the two titration steps caused 
the ionic strength of the experiments to increase only from 0.100 M to 
~0.115 M, and this small change in ionic strength is accounted for in our 
surface complexation modeling by activity coefficient calculations (see 

below). 
In order to compare titration results from different experiments 

involving bacteria, the results were plotted in terms of a mass normal
ized net concentration of protons added to the system: 

[H+]net added = (Ca–Cb)
/
m (1) 

where Ca and Cb are the total concentrations of acid and base added 
to the system during the titration, respectively, with units of mmol/L of 
biomass suspension, and m is the bacterial concentration in the sus
pension, with units of g/L. The resin experimental results were not mass 
normalized because each experiment involved identical masses of resin. 
For each sample, triplicate titration experiments were conducted using 
three separately prepared suspensions of the same biomass or resin 
sample, and the reported site concentrations represent the averages of 
the triplicates with their associated 1σ uncertainties. 

2.5. Surface Complexation Modeling 

In our surface complexation modeling approach, we assume that the 
proton-active functional groups on bacterial cell surfaces or on resin 
surfaces are discrete mono-protic acids, whose deprotonation reactions 
can be expressed using the following reaction (Fein et al., 2005b): 

R − AiH
◦ ↔ R − Ai

− + H+ (2)  

where R denotes the bacterial envelope or resin surface macromolecule 
to which the ith organic acid functional group, Ai, is attached. Note that 
although we write Reaction (2) here for an organic acid functional 
group, the same approach applies to protonation of amine-type sites as 
long as they are proton-active, and the actual charge of the protonated 
and deprotonated forms of the sites do not affect the calculations in the 
non-electrostatic surface complexation model that we used. The acidity 
constant (Ka,i) and the total concentration (Ci) of the ith site can be 
expressed as: 

Ka,i =
[R − Ai

−]aH+

[
R − AiH0

] (3)  

Ci = [R − Ai
−] +

[
R − AiH0]

(4)  

where [R − Ai
−] and 

[
R − AiH0]

represent the concentrations of the 
deprotonated and protonated ith organic acid functional group on the 
bacterial cell envelope, respectively, and aH+ is the activity of H+ in the 
bulk solution. 

Based on proton mass balance, the concentration of protons added to 
the system at any point of the titration can be described as: 

Ca − Cb = [H+] − TH
0 − [OH−] −

∑
[R − Ai

−] (5)  

where TH
0 represents the initial proton concentration at the commence

ment of the titration, [X] represents the concentration of species X in the 
experimental system, including H+, OH− and all the deprotonated 
organic acid functional groups on the bacterial cell surface or on the 
resin surface. 

FITEQL (Westall, 1982) was used as a modeling tool for optimization 

Table 2 
Calculated individual and total site concentrations for the resins using a two-site SCM.  

Resin Treatment Site1 Site2 Total 

pKa Conc (mmol/g) pKa Conc (mmol/g) (mmol/g) 

Si-TrisamineS 
Untreated 4.3 ± 0.1 0.20 ± 0.00 8.9 ± 0.1 0.86 ± 0.07 1.09 ± 0.02 
SNHS-treated 5.4 ± 0.0 0.10 ± 0.00 9.4 ± 0.0 0.18 ± 0.04 0.28 ± 0.04 

Si-TrisamineB Untreated 6.6 ± 0.3 0.31 ± 0.05 9.0 ± 0.0 0.92 ± 0.04 1.23 ± 0.01 
SNHS-treated 5.2 ± 0.2 0.12 ± 0.01 9.1 ± 0.1 0.21 ± 0.01 0.33 ± 0.02 

Si-Sulfonic Untreated 4.8 ± 1.6 0.03 ± 0.01 9.6 ± 0.3 0.30 ± 0.04 0.32 ± 0.03 

The values shown are averages with associated 1σ uncertainties from triplicate titrations. 
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of TH
0 , Ka,i and Ci in Eqs. (3), (4) and (5) to best fit the titration data and to 

solve for these unknown parameters, following the approach described 
by Fein et al. (Fein et al., 2005b) Activity coefficients of aqueous species 
were computed from the Davies equation within the FITEQL program 
(Westall, 1982). In our previous studies (Yu et al., 2014), we attempted 
to use one-, two-, three-, and four-site models to fit potentiometric 
titration data for bacterial suspensions, finding that a four-site non- 
electrostatic model yields the best fit to the titration data for each of the 
bacterial species considered. The same four-site approach was used in 
the present study to fit the titration data and in order to determine total 
binding site concentrations. Therefore, the concentration of total bind
ing sites (Ctotal) on bacterial cell surfaces can be calculated as: 

Ctotal = C1 + C2 + C3 + C4 (6) 

where C1, C2,C3, C4 represent the total concentrations for each of the 
four site types described by the four-site model, respectively. Here, we 
refer to a ‘site type’ as a binding site with a specific pKa value rather than 
one with a specific chemical formula, and hence each site type may 
contain binding sites with different chemical identities. Following this 
approach means that a specific chemical identity (e.g., carboxyl, amine, 
etc.) should not be assigned to what we refer to as a ‘site type’ with a 
specific pKa value. 

In order to calculate the concentration of amine sites in a sample, 
three titration experiments were conducted for each solid (bacteria or 
resin) with and without SNHS treatment. We used the Student’s t-test to 
determine if the concentration of total binding sites decreased signifi
cantly after SNHS treatment, with a P value <0.05 taken to indicate a 
significant difference between the total site concentrations from the 
samples with and without SNHS treatment. The amine site concentra
tion for each bacterial biomass sample (Camine) and its standard devia
tion value (σamine) were calculated using the following equations: 

Camine = Ctotal,untreated − Ctotal,SNHS−treated (7)  

σamine =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2
1

n1
+

σ2
2

n2

√

(8)  

where σ1 and σ2 are the standard deviations associated with the total 
binding sites for biomass samples with and without SNHS treatment, 
respectively, and n1 and n2 represent the number of titrations conducted 
for the corresponding samples. A P value >0.05 was taken to indicate no 
significant difference between the signals from the biomass or resin 
samples with and without SNHS treatment. In these cases, the concen
tration of amine sites in the biomass was too low to be detectable using 
our approach. 

Results and Discussions 

3.1. Titration of a Model Amine compound 

In order to demonstrate the ability of our approach to detect amine 
sites in the expected concentration range of the bacteria and the resin 
experiments, we conducted titrations of 0.1 M NaCl with and without 
(blank) 1 mM of CYS (and hence with 1 mM and 0 mM amine sites, 
respectively) in a pH range of 3.0–9.7. The titration curves show that the 
1 mM CYS solution has a significantly stronger buffering capacity above 
approximately pH 7.5 than the blank solution (Fig. 1). A CYS molecule 
has three functional groups: carboxyl, amine and sulfhydryl groups, 
with pKa values of 1.92, 8.37 and 10.70, respectively (O’Neil, 2013). 
Therefore, the buffering capacity of the 1 mM CYS solution that we 
observe from pH 7.5 to 9.7 is primarily due to the deprotonation of the 
amine group, and our results indicate that the potentiometric titration 
approach is capable of detecting amine sites in a solution with a con
centration of 1 mM. Because deprotonation of the amine sites occurs 
only within the pH range of 7.0–9.7, we use data from that pH range 
only to calculate the total amine site concentration of the sample. A one- 

site model yields a good fit to the 1 mM CYS solution titration data, and 
the calculated total site concentration is 1.04 ± 0.04 mM with a calcu
lated pKa value of 8.58 ± 0.01 (n = 3). These results are in good 
agreement with the expected values of 1.00 mM of amine sites, and a pKa 
of 8.37, for a 1 mM CYS solution (O’Neil, 2013). In contrast, models fail 
to converge for the titration data for the blank solution, indicating a lack 
of proton-active sites in the sample. 

Although the buffering behavior in the pH range of 7.0–9.7 is 
dominated by the amine site deprotonation, deprotonation of the sulf
hydryl group with a pKa value of 10.70 may contribute as well in the pH 
ranged studied. In order to fully account for the contribution of the 
sulfhydryl group, we conducted additional titration experiments using a 
1 mM CYS solution with 1 mM qBBr. qBBr selectively and irreversibly 
binds to sulfhydryl sites (Kosower and Kosower, 1995; Joe-Wong et al., 
2012; Yu et al., 2014), therefore the presence of qBBr causes the sulf
hydryl site on the CYS molecule to be blocked for protonation/depro
tonation during the titration experiments, and the buffering capacity of 
the 1 mM CYS + 1 mM qBBr solution in the pH range 7.0–9.7 is due to 
the amine sites exclusively. As shown in Fig. 1, the titration curve of the 
1 mM CYS + 1 mM qBBr is similar to that of the 1 mM CYS alone except 
at the highest pH values of the titration where the solution with qBBr 
exhibits a slightly lower buffering capacity. Modeling of triplicate ti
trations yields an average total site concentration for the 1 mM CYS + 1 
mM qBBr solution of 1.04 ± 0.07 mM, still within experimental error of 
the expected 1 mM of amine sites in the 1 mM CYS solution. Note that 
the calculated pKa value for the 1 mM CYS solution changes from 8.58 ±
0.01 for the qBBr-free solutions, to 8.35 ± 0.02 for the solutions with 
sulfhydryl sites blocked, a value that agrees perfectly with the reported 
pKa value (8.37) for amine sites on the CYS molecule (O’Neil, 2013). 
This result further demonstrates that the potentiometric titration and 
modeling approach coupled with the use of site-specific blocking mol
ecules can accurately and precisely characterize pKa values and site 
concentrations of proton-active sites at least down to 1 mM levels. 

Measured total site concentrations on bacterial cell surfaces are 
typically 0.3–0.5 mmol per gram of wet biomass (Fein et al., 1997; Cox 
et al., 1999; Ngwenya et al., 2003; Yu et al., 2014). Therefore, if we 
conduct potentiometric titration experiments using bacterial suspen
sions with 30–50 g wet biomass/L, the bacterial suspensions would 
contain 10–25 mM of total sites. Assuming that the amine sites represent 
at least 10% of the total binding sites on the cell surface, their concen
trations should be at least 1 mM and therefore detectable using this 
approach as long as all of the amine sites are selectively and irreversibly 
blocked. 

Fig. 1. Representative potentiometric titration curves for a blank solution (0.1 
M NaCl), a solution with 1 mM CYS in 0.1 M NaCl, and a solution with 1 mM 
CYS + 1 mM qBBr in 0.1 M NaCl. Triplicates were conducted for each solution, 
but only one of each type of titration is shown for clarity. The measured con
centrations of total sites are 1.04 ± 0.04 mM with a pKa of 8.58 ± 0.01 for the 
1 mM CYS solution and 1.04 ± 0.07 mM with a pKa of 8.35 ± 0.02 for the 1 mM 
CYS + 1 mM qBBr solution. 
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3.2. Reaction between SNHS and Non-Amine Sites 

In order to test the selectivity of the SNHS amine blocker, we con
ducted titration experiments using two silica-based resins: a Si-carboxyl 
resin and a Si-thiol resin, the former was coated with carboxyl groups 
and the latter was coated with sulfhydryl groups. As shown in Fig. 2, the 
titration curves of the two resins each show strong buffering capacity 
relative to the blanks in their characteristic pH ranges. The Si-carboxyl 
resin exhibits strong buffering behavior across the entire pH range 
studied, likely due to the presence of carboxyl sites with a wide range of 
pKa values; in contrast, the Si-thiol resin exhibits strong buffering 
behavior only above approximately pH 8.5. Each type of resin was 
treated with an excess of SNHS relative to their expected binding site 
concentrations, and the measured titration curves for the two types of 
SNHS-treated resins were identical within experimental uncertainty to 
the titration curves of the corresponding untreated resins. These results 
indicate that no proton-active binding sites were blocked in the SNHS 
treatments of either resin type, and hence that SNHS does not react with 
either carboxyl or sulfhydryl sites. Although a resin coated with phos
phoryl sites is not commercially available and hence could not be tested, 
phosphate-based buffers have been widely used with SNHS amine 
blocking applications (Boels et al., 2001; Epstein et al., 2003; Lee-Kwon 
et al., 2003). The fact that the concentration of phosphate in these 
studies is several orders of magnitude higher than that of SNHS, and that 
SNHS still effectively reacts with and blocks amine sites, strongly sug
gests that SNHS does not react with phosphoryl sites either. Together, 
these results demonstrate that SNHS does not react with the non-amine 
sites on bacterial surfaces to a significant extent, and hence is ideally 
suited to block amine sites on bacterial cell surfaces and to leave the 
carboxyl, sulfhydryl and phosphoryl sites that are also present on the cell 
surface unblocked. 

3.3. Reaction between SNHS and Amine Sites 

Our preliminary experiments (results not shown) indicated that the 
unbound SNHS molecule in solution reacts with protons and hence 
cannot be used to quantify amine site concentrations on aqueous mol
ecules such as cysteine because an excess of unbound SNHS would 
remain in solution during the titration. However, we tested the reac
tivity between SNHS and two resins that were coated with different 
ratios of primary:secondary amine groups. In these experiments, 
because excess SNHS is removed from the system by washing after 
treatment of the solids, there are no unbound SNHS molecules in the 
titration experiments, and the only SNHS molecules that are present 
during the titrations are those bound onto resin surface amine sites. Our 
results demonstrate that SNHS readily binds to and blocks the amine 
sites on both types of resins. As shown in Fig. 3, both resin types exhibit 
little buffering capacity below pH 5, weak buffering behavior from 

approximately pH 5–8, and strong buffering capacity above pH 8. The 
buffering behavior above pH 8 is likely due to the presence of abundant 
amine sites on the resin surfaces, and we note that the buffering ca
pacities of the two amine-coated resins are much greater than those that 
we measured for the Si-carboxyl resin or the Si-thiol resin (Fig. 2). Each 
molecule grafted onto the amine resins contains three amine sites but 
the molecules coating the Si-carboxyl and Si-thiol resins contain only 
one site each, leading to the stronger buffering behavior that we 
measured for the amine resins. 

After the two amine resins were treated with SNHS to block their 
surface amine sites, the buffering capacity of each type of resin dropped 
significantly, indicating that amine sites on the two types of resins were 
blocked successfully by SNHS. However, the titration curves of the two 
SNHS-treated resins are still significantly different from the titration 
curve of the blank, and still exhibit a weak buffering capacity, indicating 
that some proton-active sites are still available on each type of SNHS- 
treated resin. To quantify the total sites on each resin, we attempted 
to use surface complexation models with different numbers of types of 
sites to fit the data, and we found that a two-site SCM yields the best fit 
to the titration curves of both untreated and SNHS-treated amine resins. 
After SNHS treatment, the concentration of total sites on the Si- 
trisamineB resin decreased from 1.23 ± 0.01 mmol/g to 0.33 ± 0.02 
mmol/g, and that on the Si-trisamineS resin decreased from 1.09 ± 0.02 
mmol/g to 0.28 ± 0.04 mmol/g, yielding amine site concentrations on 
the Si-trisamineB and Si-trisamineS resins of 0.90 ± 0.02 and 0.81 ±
0.04 mmol/g, respectively (Table 2). 

Because uncoated silica surfaces themselves contain proton-active 
sites, it is possible that the remaining proton-active sites that are 
available on the SNHS-treated resins are located on the silica structure of 
the resins. In order to test this hypothesis, and because uncoated silica 
resins are not available commercially, we conducted potentiometric 
titration experiments using a Si-sulfonic resin whose sulfonic sites have a 
pKa < 2. Because of such a low pKa value, sulfonic sites are virtually all 
deprotonated over the entire pH range of our experiments, and thus the 
titration curve for this resin represents a measure of the protonation 
behavior of the silica surface without any contribution from the sulfonic 
sites that coat the surface. As shown in Fig. 3, the titration curve of the 
Si-sulfonic resin is similar to those of the SNHS-treated amine resins, 
suggesting that the remaining sites on the SNHS-treated amine resins are 
primarily those located on the silica foundation of the resins. The fitting 
results further confirm this conclusion as the total concentration of sites 
on the Si-sulfonic resin is not significantly different from the total site 
concentrations on either of the SNHS-treated amine resins (Table 2). 
These results suggest that the sites on the amine resins that remain 
unblocked after SNHS treatment are located on the silica surface, and 
that SNHS effectively blocks all of the amine sites on both types of resins. 
Although the ability for SNHS to bind to primary amines (-NH2) has been 
well documented (McGee et al., 2012; Mentinova et al., 2012), it was 

Fig. 2. Potentiometric titration curves for: (a) the untreated and SNHS treated Si-carboxyl resin; (b) untreated and SNHS treated Si-thiol resin. The blank is a 0.1 M 
NaCl solution and all the resins (5 g/L) were suspended in 0.1 M NaCl solutions. The depicted titration data are from one of the triplicate titrations conducted for 
each system. 
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unknown whether SNHS reacts with secondary amines (-NH). The two 
trisamine resins that we studied each contain both primary and sec
ondary amine sites but with different ratios of the two types (Table 1). 
The fact that all amine sites were blocked by SNHS on each type of amine 
resin that we tested clearly indicates that SNHS can bind with both 
primary and secondary amines. Therefore, these results demonstrate 
that our approach combining selective amine blocking, potentiometric 
titration and surface complexation modeling yields a total concentration 
of both the primary and second amine sites on the resin surface. 

3.4. Measurement of Amine Sites on Bacterial Samples 

We used our approach to measure the concentration of total amine 
sites on the cell surface of one Gram-positive bacterial species, B. subtilis, 
and one Gram-negative bacterial species, P. putida. As shown in Fig. 4, 
the buffering capacity of the two biomass samples decreases signifi
cantly above approximately pH 6 after the amine sites were blocked by 
SNHS treatment of each biomass, indicating that each type of bacterial 
cell contains a measurable concentration of amine sites on their cell 
surfaces. The pH range where the decrease in buffering capacity is most 
evident is consistent with the reported pKa values of amine sites on small 
molecules, further demonstrating the effectiveness in blocking amine 
sites using a SNHS treatment. Fig. 4 also shows that the buffering ca
pacity of P. putida decreases more than that of B. subitilis after amine sites 
are blocked, suggesting that the P. putida cell surface contains a higher 
concentration of surface amine sites than that of B. subtilis. 

As was found in previous studies involving potentiometric titrations 
of bacterial biomass (Fein et al., 1997; Yu et al., 2014), a four-site non- 
electrostatic surface complexation model is required to fit the titration 
data of all the untreated biomass samples in this study, each of the three 

titrations of the SNHS-treated B. subtilis biomass samples, and one of the 
three titrations of the P. putida biomass (Table 3). Two of the three 
titration curves for the SNHS-treated P. putida biomass required fewer 
sites to account for the observed decreased buffering behavior, with one 
requiring a two-site and one requiring a three-site model. The decreased 
number of site types required to model the buffering behavior of the 
SNHS-treated P. putida titrations is likely a result of the lower concen
tration of proton-active sites on the SNHS-treated P. putida compared to 
the other biomass samples. Although models with different number of 
sites were required to fit each of the triplicate titrations for the SNHS- 
treated P. putida sample, the calculated total site concentrations for 
the three different SNHS-treated P. putida titrations are relatively 
consistent, ranging from 160 to 179 μmol/g (Table 3). The fact that the 
SNHS treatment does not simply eliminate one of the pKa values but 
rather it decreases more than one of the individual site concentrations 
(Table 3) reinforces our understanding that a specific pKa value from our 
modeling approach does not correspond to only one type of chemical 
binding site moiety. That is, not all amine (or carboxyl, phosphoryl, 
sulfhydryl, etc.) sites deprotonate with the same pKa value, and not all 
sites that deprotonate with the same pKa value are of a specific site type 
chemically. 

After we blocked the amines sites on the bacterial cells, the average 
measured total site concentration for B. subtilis decreased from 220 ± 1 
to 168 ± 9 μmol/g, and that for P. putida decreased from 245 ± 4 to 171 
± 10 based on triplicate titrations. The decreases are statistically sig
nificant (P < 0.05, Table 4), and therefore represent the concentration of 
total amine sites on each biomass sample. For B. subtilis, the concen
tration of total amine sites is 52 ± 5 μmol/g and accounts for ~24% of 
the total proton-active binding sites on the cell surface. The calculated 
amine site concentration for P. putida is 78 ± 6 μmol/g and accounts for 

Fig. 3. Representative potentiometric titration curves for: (a) the untreated and the SNHS treated Si-TrisamineB resin; (b) the untreated and the SNHS treated Si- 
TrisamineS resin. The blank is a 0.1 M NaCl solution and all the resins (5 g/L) were suspended in 0.1 M NaCl solutions. Triplicates were conducted for each solution, 
but only one of each type of titration is shown for clarity. The titration curve for the Si-sulfonic resin is used for estimating the buffering capacity of the silicate 
backbone of the Si-Trisamine resins (see text). 

Fig. 4. Representative potentiometric titration curves for the untreated and SNHS-treated biomass samples of: (a) B. subtilis and (b) P. putida. Each biomass sus
pension contains 30 g/L of bacterial cells and 0.1 M NaCl. Triplicates were conducted for each solution, but only one of each type of titration is shown for clarity. 
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~32% of total sites on the P. putida cell surface, significantly higher 
values than the value that we measured for B. subtilis. The concentration 
of sulfhydryl sites on B. subtilis and P. putida cells that grew under the 
same conditions to those in this study is 23 ± 7 μmol/g and 35 ± 10 
μmol/g, respectively (Yu et al., 2014; Yu and Fein, 2016), less than half 
of the concentration that we measured here for amine sites. Although we 
do not know the specific concentrations of carboxyl or phosphoryl sites 
on the surfaces of these two bacterial species, the concentration of amine 
sites on the cell surface of these bacterial species is at least comparable 
with that of carboxyl and phosphoryl sites given that the amine sites 
account for 24–32% of total sites on each type of cell surface. This is the 
first study to quantify the absolute and relative abundances of amine 
sites on bacterial cell surfaces. The results clearly indicate that amine 
sites do not represent a minor component of the overall range of binding 
sites on at least these two types of bacterial surfaces, but rather that they 
are present in abundance and likely play a significant role in the binding 
and the bioavailability of anionic aqueous species. 

In order to fully understand the role of amine sites in bacterially- 
mediated processes, it will be crucial to extend this study to measure 
amine site concentrations on other bacterial species and on cells from 
other growth conditions. Our study verifies the selectivity and irre
versibility of SNHS binding onto amine sites in general, and provides the 
first measurements of amine site concentrations on undisturbed bacte
rial cell surfaces. The approach of selectively blocking microbial cell 
surface amine binding sites using SNHS can be useful in probing the 
contribution of amine sites to a range of microbe-contaminant in
teractions such as bacterial cell surface adsorption and reduction of 
anionic contaminants (Yu et al., 2018; Butzen and Fein, 2020; Brown 
et al., 2024). A better understanding of the concentration and roles of 
bacterial cell surface amine sites will yield more accurate models of the 
fate and transport of contaminants in the environment, and will aid in 
the development of more effective and efficient remediation approaches 
for contaminated waters and soils. 
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