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Abstract
Mention pH in a classroom and you can almost see the inner yawn on the faces of your students. The definition may even 
roll easily from their lips. However, despite multiple exposures to the relationship of pH and pKa throughout a typical 
undergraduate science curriculum, students struggle to differentiate between a property of a molecule (pKa) and the 
impact of molecules, such as acids and bases, on the environmental conditions (pH). Even fewer are comfortable applying 
their knowledge to predict the effect of environmental pH on the ionized status of functional groups in biologically 
relevant molecules, groups that are behaving as weak acids and weak bases. The approach of this lesson is to review this 
foundational topic from an intuitive angle first and then connect qualitative to quantitative reasoning. It progresses through 
a series of clicker questions that are used to facilitate peer instruction in small groups. The clicker questions are structured 
by mini-lectures that provide support for the “math phobic”; therefore, this sequence is also suitable as a group work-sheet 
activity.  This lesson is intended for an introductory biology or chemistry course, but can be adapted and expanded for 
advanced students to explore medical and pharmaceutical applications.   
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Lesson

INTRODUCTION

Origin of lesson
Instructors and education researchers in the life sciences 

have long recognized the importance of helping learners 
understand the relationship between pH and pKa.  Inclusion of 

this foundational concept in textbooks, assessment instruments, 
and concept inventories does not come as a surprise (i.e., 1–4).

Despite the foundational role in chemistry, biology, and 
connected disciplines, the pH/pKa topic remains a rich source 
for misconceptions (3, 5, 6).  Students have difficulties with the 
distinction between pKa as a measurement of the ionization 

Learning Goal(s)

Students will understand the effect of environmental pH on the 
ionization status of weak acids and weak bases and be able to 
explain to a ‘layperson’ why this relationship matters in human 
health (unit goal).

Learning Objective(s)

Students will be able to:

• Characterize an aqueous environment as acidic or basic.
• Explain that pKa is a measure of how easy it is to remove a proton 

from a molecule.
• Predict ionization state of a molecule at a particular pH based on 

its pKa (qualitative use of the Henderson-Hasselbalch equation).
• Calculate the ratio of protonated/unprotonated forms of ionizable 

groups depending on chemical characteristics and /or environment 
pH (quantitative use of the Henderson-Hasselbalch equation).

• Apply this knowledge in a medical context.
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state for a solute, versus the impact of acids and bases on the 
environment, i.e. the pH of an aqueous solution.  A summary 
of common incorrect mental models is provided in Table 1 
(page 2).

Although students encounter pH and pKa on multiple 
occasions during their coursework, both upper and lower 
level students struggle with the concept (7). A group of 
national experts recognized “threshold concepts” that, when 
mastered, lead to a transformed understanding of a discipline 
(8). Among the top three threshold concepts in biochemistry 
is the relationship of pH and pKa. It appears that the topic is 
rarely put into a context that learners easily understand.  As a 
result, student knowledge often does not go beyond reciting 
a definition or formula. It is not that resources or attempts to 
convey the concepts are scarce, but that the concept is not 
intuitive (9). Without guidance, the students may feel that 
the topic is entirely esoteric rather than bearing practical 
relevance.  Therefore, instructors may find greater success 
in encouraging learners, if they can convey the fundamental 
importance of pH and pKa.

A Brief Review of the Major Concepts in pH and pKa
The following paragraph serves as a brief refresher for the 

instructor. For more detail Lehninger Principles of Biochemistry 
provides a good reference (4).

Acidity or alkalinity of an aqueous solution is measured 
as the negative decadic logarithm of the hydrogen ion 
concentration, also known as pH.   A strong acid, such as 
HCl, ionizes essentially completely in water.  In contrast, 
physiological relevant acids and bases do not dissociate 
completely. They are referred to as ‘weak’ acids or bases and 
their ability to ionize is described by the negative logarithm of 
their dissociation constant, pKa and pKb, respectively. These 
values are measures of the strengths of the acid or base using 
a logarithmic scale.

Addition of weak conjugate acid/base pairs to an aqueous 
solution will result in either adding to or subtracting from the 
population of protons in the solution.  As a result, the pH will 
adjust until equilibrium is achieved.  Cells produce weak 
acids of particular pKa values. In the cytosol and in different 
organelles of the cell the appropriate pH is maintained within 
a very narrow range. These weak conjugate acid/base pairs 
act as buffers against pH fluctuations that would otherwise 
occur due to changes in metabolism. Important examples of 
biological buffers include the inorganic phosphate system 
and the bicarbonate buffer systems.  The maintenance of 
physiological pH in the blood by the bicarbonate buffer system 
is of clinical importance. The small pH difference of arterial 
blood (pH =7.44) and venous blood (pH = 7.35) facilitates the 
release of oxygen from oxyhemoglobin in peripheral tissue. 
This pH-dependent change of hemoglobin’s affinity for oxygen 
is known as the Bohr effect in biochemistry textbooks [4]. A 
more drastic deviation outside of this pH range leads to coma 
and death (pH<6.95), or tetany and muscle spasms (pH>7.9) 
in animals. Maintenance of pH also prevents protonation of 
various functional groups within biological macromolecules, 
which otherwise would be drastically altered in structure and/
or function within the cell. 

The example of a biologically active compound, 
aspirin (acetylsalicylic acid), is used in this lesson.  Many 
pharmaceutical drugs on the market today are weak acids 
or weak bases with ionization constants that affect their 
physiochemical properties, including solubility, distribution, 
and excretion (10). In addition to pharmacokinetics, 

biomedical examples involving the pH/pKa relationship 
include: maintaining cellular conditions for optimal enzyme 
activity; treating poison ivy rash with a mildly basic solution 
of sodium bicarbonate to increase the solubility of the reactive 
catechol (11); the debated use of cranberry juice to prevent 
urinary tract infections (12); and the role of pH on sperm 
motility (13).  All of these examples reveal that a seemingly 
“dry” subject matter is immediately important to everyday 
living.

Intended Audience
This lesson has been used for the last six semesters at the 

beginning of a one-semester “Introduction to Biochemistry” 
class; a non-majors undergraduate course with an organic 
chemistry prerequisite. Participants are mostly juniors wanting 
to attend medical or other professional schools in the health 
sciences field. The class is part of a pipeline program and is 
relatively small (30-33 students) and has one undergraduate 
TA.  However, the activities are easily scalable and the unit 
may be adjusted to the needs of instructors in introductory 
chemistry or biology courses, as well as in organic chemistry 
and physiology classes.

Learning Time
The core lesson can be completed in 50 minutes. We use 

the sequence after a combined readiness quiz/peer grading/
clarification activity, which takes an additional 25 minutes.  
(See Table 2 on pages 5 and 6, Teaching Time Line for details).

Prerequisite Student Knowledge
We will have reviewed water as biological solvent, 

definitions of acids/bases in biosystems, and amino acids as 
weak polyprotic acid/base entities. This session also requires 
that students understand the difference between the natural 
and decadic logarithm and be able to solve a logarithmic 
equation for terms.  Assigning a review tutorial on logarithmic 
functions before this class may provide additional support (see 
S1 slides for a suggested resource).

SCIENTIFIC TEACHING THEMES

Active learning
Student pre-class textbook review of basic information is 

required to limit the time spent on transmission-style teaching. 
During class, the students sit in groups of three at individual 
tables with small whiteboards. Other ways of arranging seating 
and small groups are feasible. Group and classroom-wide 
discussions are encouraged as part of a vote-discuss-revote 
pattern during questions using an audience response system 
(referred to as ‘clicker questions’), think-pair-shares, and a 
drawing activity.

Assessment
In our course, students are given a low-stakes quiz about the 

assigned material at the beginning of each class period. The 
quiz is peer-graded as part of the class, which provides another 
chance for students to think about these questions. Independent 
thought after clicker questions allows for discussion, which 
serves as both a tool of engagement and formative assessment. 
The results allow the instructor to gauge student knowledge 
levels and clarify if necessary. The group assignment prompts 
students to discuss the context and to apply the content. The 
summative exam example question uses another familiar 
drug (ibuprofen) with a different chemical structure and pKa 
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Table 1. Hasselbalch-Student difficulties and alternative conceptions about pH and pKa: All difficulties reported     
    were observed by the authors. When applicable references to other reports are included. 

Desired Learning Outcome Student Difficulties and Alternative Conceptions References

pH is a characteristic of the environment; pKa is a fixed 
characteristic of a molecule’s specific ionizable group

The pKa value changes with the pH; or pH and pKa 
are equated.
Acidity is intrinsic to specific atoms or functional 
groups, such as OH-

5, 6

Comparing the pH of an aqueous solution to the pKa of 
a solute with an ionizable group informs about the ion-
ization state of said group in the specific environment

The ionization state of the ionizable group is 
unaffected by pH.
Students struggle with this distinction: lower pH 
indicates a more acidic environment whereas a lower 
pKa indicates the characteristic of a stronger acid. 
Sometimes pH and pKa are equated

3, 5

Not all weak acid molecules in a solution are in the 
same protonation state

Learners have to be reminded that they are looking at 
many molecules of weak acid solutes, and not a single 
molecule

5

When the pH = pKa, the weak acid is half dissociated All molecules in the solution are protonated, or, all are 
deprotonated

3

When pH is below pKa of an ionizable group of a 
molecule, the majority of molecules of this group are 
found in the protonated state

When pH is below pKa, all molecules with the 
ionizable group are found in the deprotonated state

3

Monoprotic acids are negatively charged (ionized) 
when deprotonated

Monoprotic acids can be negatively charged or neutral 
when deprotonated, depending on their ionizable 
group

5

A buffer prevents pH changes in a solution until the 
buffer capacity is exhausted

Buffers maintain neutral pH (pH7) 5

The Henderson-Hasselbalch equation is the mathemat-
ical description of a titration curve of a weak acid

The equation can only be used to calculate either pH 
or pKa. 
Difficulties are mostly mathematical: 

• Solving equation for terms
• Interpreting the fraction in the equation 
• Relate the formula and graphical representation of 

titration curves

6, 7, 21
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value (S4) and can be administered in multiple choice or short 
answer format.

Inclusive teaching
The pH/pKa concept is presented with an intuitive as well as 

a mathematical solution to accommodate students who have 
never built a ‘scaffold’ around the topic of pH, thus facilitating 
transfer. Unnecessary jargon, chemical names, or use of color 
schemes that are difficult to distinguish by students with 
most types of colorblindness are avoided in the presentation 
slides to support inclusion of all learners (14). Peer instruction 
elements support engagement, student-appropriate language, 
and opportunities for questions.

LESSON PLAN

The format presented here will take about 75 minutes, 
including a 10-minute readiness quiz, 15-minute peer 
grading/class discussion/ instructor clarification activity, and a 
50-minute interactive lecture and group activity. Table 1 shows 
a sample teaching timeline with options.

A slide presentation containing all clicker questions, 
activities, notes for educators and student prompts is available 
(S1). Table 2 (on pages 5 and 6) provides an overview of the 
timeline and student reactions to the lesson.

Before Class

Students review assigned textbook chapters before class and 
are quizzed on the content. For this lesson the reading contains 
information and context about weak interactions of molecules 
in aqueous solutions, pH, and buffers. We use a commonly-
used biochemistry textbook (15) that offers an optional online 
self-test learning platform, but most science textbooks provide 
adequate information on the topic.

There are many additional pH/pKa online tutorials available 
to students, either as stand alone options or integrated with 
textbooks. Some suggestions for review outside of class (pre- 
or post) are included in the slide presentation (S1).

In-Class Activities

List of Materials as Field Tested (and alternatives):

• Clicker response system (or note cards with letters, hand 
gestures, marks on folders that students hold up and can 
point to)

• Whiteboards (or paper)
• Pencil and paper (or submission via electronic devices as 

email or to online learning platform)

1. Reading Quiz

The reading quiz is closed book and completed individually. 
S2 provides an example quiz and highlights typical student 
difficulties. Students then exchange quizzes with other small 
groups for peer grading of the quiz. The peer graders are 
encouraged to work together in their small group and are 
instructed to identify and correct misconceptions evident in 
other students’ answers, consulting the textbook as necessary. 
After grading, which usually takes about 4-5 min, the instructor 
solicits answers from different small groups, discusses 
responses revealing misconceptions, and emphasizes key 

concepts, including:

• the fact that water is the solvent in a physiological context.
• the importance of hydrogen bonding capacity, the 

logarithmic nature of the pH scale, why logarithmic 
representation makes sense (covering a large range); 
optional: use of clicker question #1 for quick additional 
check on understanding.

• the difference between weak and strong acids and bases.
• the fact that pH does not measure the strength of an acid, 

but the acidity of a given solution.
• the definition of equilibrium and Le Chatelier’s principle 

(mass action) and how it applies to weak acids and bases 
in solution.

Explanations can be illustrated with slides from any 
standard textbook for visual support (4, 15). We included an 
optional clicker question that probes for understanding of the 
logarithmic nature of the pH scale.

2. Understanding Titration Curves

The slides for the next activity are provided in S1, but 
visuals could also be created by drawing on a board or using 
a document camera in class. Table 3 (on page 7) summarizes 
concepts connected to titration curves. Students are asked to 
explain how they would create a simple titration curve, what 
information they can derive from it, and if the curves are the 
same or different between different weak acids. Learners 
typically do not think about how to set up an experiment that 
will collect these kinds of data.

It is helpful to have students verbalize what is plotted on the 
x- and y-axes of a titration plot and the reasons for changes 
in the slope of the curve. Before moving to a comparison of 
curves, ensure that students understand the reason for steep 
versus gentle slope portions of a single curve. Students should 
be able to articulate the relationship between the inflection 
point in the curves, the ratio of protonated:deprotonated 
species in solution, and the pKa of the ionizable group. 
Proceed asking students to identify why various curves for 
different weak acids fall within different regions of the plot 
(different buffer zones). Ask: “If you needed to buffer a solution 
at pH 7 what would the ideal buffer’s titration curve look like?” 
The answer should indicate that the pKa would be around 7 
as well.

If desired and time allows, curves of diprotic acids (such 
as amino acids) or triprotic acids may be introduced. Have 
students identify why these titration curves have varying 
numbers of inflection points (answer: multiple ionizable 
groups, multiple buffer zones).

3. Optional Clicker Question 2: “Blood buffer”

Vote-discuss-revote: This activity builds on reading quiz 
questions #4 and 5 (transfer and combination of concepts) 
and can be guided after the initial vote by prompting “We will 
soon talk about the catabolism of fuels when the generation 
of organic acids will elevate the concentration of H+. What 
would happen to the equilibrium during exercise? Choose the 
BEST answer” (answer: A. H2CO3 is an unstable intermediate; 
more CO2 will be exhaled, in an effort to remove the protons 
and rebalance the system at equilibrium, per Le Chatelier’s 
principle). Starting with the last option, solicit arguments “Why 
might somebody have voted for...” and give an explanation for 
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Table 2. Hasselbalch-Teaching Timeline-The unit is laid out for a 75min session. However, the sequence itself, without the quiz 
and peer grading, can be completed in a 50 min class period. Mean percentages of accuracy and ranges reported for the formative 
assessments were obtained from three cohorts (total number of students, n=92). Accuracy of clicker questions refers to vote after 
discussion (if applicable), unless otherwise indicated. Instructors observed reported student reactions. A similar class structure was 
employed for the majority of the course. Student feedback about elements of the class in mid-semester and exit student surveys 
as well as class observations by other faculty support these reported observations.

Time (min) Learning Objectives Activity/Assessment Explanation/Notes/Suggestions

10 min

Ensures prepareation for class Reading Quiz Low Bloom’s level questions include 

• the logarithmic nature of the pH scale
• hydrogen bond interactions
• the difference between weak and strong 

acids and bases
See S2 for example quiz questions. This could 
be done pre-class as an online quiz.

Effectiveness: Mean score was 7.1 out of 10pts (SD= 2.3 points, range 3-10pts)

Student reactions: This was not their favorite part, but they acknowledged the quiz was useful to gauge their 
preparation and held them accountable.

15 min

Optional formative assessment Peer grading and review

includes Clicker Question:

“A decrease in pH from 8.0 to 
6.0 in a solution reflects…”

Different groups are solicited for answers, with 
possible follow-up questions to probe further 
(can be supported by slides or drawings)

Effectiveness: Clicker 86% correct (range 79-96%)

Student reactions: Transparency in grading procedure was appreciated. Being graded by a peer helped with 
accountability.

6+ min

Mini lecture: Titration curves, 
buffering region monoprotic vs. 
polyprotic acids 

Differences between focus of biochemistry and 
chemistry are pointed out here.

Student reactions: Learners favoring lectures felt assured.

5 min

Apply in a medical context Clicker Question: “Blood 
buffer” (vote-discuss-revote)

Challenging question, 

Purpose: arguments in biochemical context, 
example that small changes in pH matter. 

Effectiveness: Around 40% got this difficult question correct on the first try and even after peer discussion only about 
70% chose the correct answer.

Student reactions: The application in human physiology clearly piqued student interest.

3 min

Characterize an aqueous 
environment as acidic or basic

Think-Pair-Share: “What is 
wrong with this representation?”

Reiteration and formative assessment

Student reactions: Most students swiftly recognized the switch of the pH labels.

The cue “what else?” was often needed for the second part, to prompt further examination.

10 min

Predict ionization state of a 
molecule at a particular pH 
based on its pKa (qualitative use 
of the Henderson-Hasselbalch 
equation)

Group Activity: “What is the 
predominant form of the acid?”

Use of whiteboards, can be done on paper

Effectiveness: Quick scan of the drawings allowed for identification of small groups that struggled with concept.

Student reactions: Students often had to be reminded that they are looking at a population of molecules and not a 
single molecule. They engaged in a lively discussion of their ideas and how to represent them best.

2 min

Explain that pKa is a measure 
of how easy it is to remove a 
proton from a molecule

Clicker Question: “Ranking 
based on pKa” (vote –discuss 
–revote if needed)

Formative assessment

Effectiveness: 79% correct (range 66-88%)

Student reactions: Students were occasionally hesitant to commit to an answer.
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Time (min) Learning Objectives Activity/Assessment Explanation/Notes/Suggestions

2+ min

Characterize an aqueous 
environment as acidic or basic

Clicker Question: pKa and pH 
in water (vote-discuss-revote)

Formative assessment

Effectiveness: 83% correct (range 77-89%)

Student reactions: Students were confident and fast in casting their vote.

3 min

Predict ionization state of a 
molecule at a particular pH 
based on its pKa;  Apply in a 
medical context

Think-Pair-Share: “What is the 
predominant form of the Aspirin 
in the small intestine?”

Solicit student short answer, another group is 
then prompted to explain further.

Student reactions: Students were confident in their answers and interested in the application.

10-12 min

Apply in a medical context; 
Calculate ratio of protonated/
unprotonated forms of 
ionizable groups depending on 
chemical characteristics and /or 
environmental pH (quantitative 
use of the Henderson-
Hasselbalch equation)

Apply in a medical context; 
Calculate ratio of protonated/
unprotonated forms of 
ionizable groups depending on 
chemical characteristics and /or 
environmental pH (quantitative 
use of the Henderson-
Hasselbalch equation)

Collection of written group response as 
formative assessment.

Depending how fast the class is progressing 
this can be shortened to allow time for optional 
discussion.

Effectiveness: They are allowed to ask for guidance.  Easy agreement on qualitative part. Occasional wrestling with 
equation often rooted in low confidence or ability in math application but turned- in group assignments are often 
correct 

Student reactions: Students typically responded enthusiastically.

Optional

Apply in a medical context Discussion: “Absorption of 
aspirin”

Biochemical and physiological factors can 
influence outcome; this could be a springboard 
for related topics.

Student reactions: Student interest in the application leads to lively participation.

Total about 75 min
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Table 3. Hasselbalch-Understanding Titration Curves.  These notes summarize concepts connected to titration curves and may     
be helpful to prompt students if there is a sense that clarification is needed. 

Concept Explanation

Titration curves of a monoprotic weak acid Sigmoidal curves are graphical representations of the behavior of weak acids in aqueous 
environment. The shape of the curves would be the same for different acid/base pairs, 
but the curves would shift up or down, defining specific zones of greatest buffer capaci-
ty depending on the respective pKa of the ionizable group. 

Many data points together are represented in a 
titration curve. 

A base is incrementally added to a fixed volume of acid, both of known molarity and 
the pH of the mixture determined after each addition. The volume of the base (or OH- 
equivalents) added to the unknown solution is the independent variable on the x-axis, 
and dependent variable is the pH on the y-axis.  Added OH- combines with the H+ 
released from the acid to form H2O.

Reading the graph The steepest slope occurs outside the ‘buffer zone’. The gentle slope occurs due to mass 
action.  In this range, addition of acid or base equivalents is countered by mass action of 
the system: pairing of added protons with conjugate base or protonation of added base 
by release from the conjugate acid.

Equivalency point of the titration At the midpoint of the titration protonated and deprotonated forms of the acid /base pair 
are present at equal amounts; the pH=pKa.  For this reason, one pH above and below 
the pKa defines the buffer zone.  

Endpoint of the titration An indicator, usually a dye sensitive to pH change, is used to monitor at which pH value 
the acid has lost all its protons.  Conversely, at the starting point, all acid molecules are 
protonated. 

Titration curves of polyprotic acids Several inflection points exists on the curve, one for each of the ionizable groups and 
therefore there are multiple buffer zones.
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each option (“Is this a possible answer?”). If it has not already 
come up as a question from the groups explain that we are 
using as a simplification the apparent pKa of two combined 
sets of reactions with an unstable intermediate H2CO3 (4).  
Point out, “This is a challenging question and to think on that 
level in this class, we will now review fundamentals of pH to 
make sure everybody is on the same page.”

Instructors of classes that lack a health focus may omit this 
blood buffer question. In some classes, full understanding of 
the answer may require a review of physiologic function. For 
example, students may have forgotten or never been exposed 
to kidney function. The renal tubular cells reabsorb filtered 
bicarbonate and excrete acid (H+). Students may also be 
unaware that vigorous exercise and associated metabolism of 
reduced carbon fuels can lower the pH in tissues and blood. 
The instructor may wish to follow up this discussion with a 
question about the predicted effect of hyperventilation on 
blood pH (answer: elevated blood pH due to depletion of 
CO2 through increased exhalation and resultant mass action 
reduction of [H+]).

Expansion option: Here a discussion on physiological 
functions of buffers will hook your pre-meds. You could ask 
for suggestions as to why the blood buffer system is needed. 
Example answers may include:

• The pH of healthy arterial blood, or extracellular fluids in 
general, is maintained in a narrow range and you may point 
out that “later in the course we will see how pH affects 
oxygen binding to hemoglobin.”

• Enzymes, including carbonic anhydrase, evolved to work 
best at physiological pH. On the other hand, tumor cells 
are able function in more acidic environments. Their higher 
metabolic rate may lead to acidosis (16).

• Changes in pH influences calcium homeostasis in cells  (17).

4. Think-Pair-Share: “What is wrong with this 
representation?”

Prompt with “Let’s make sure everyone is on board with 
what we talked about so far: Identify what is wrong with this 
representation of two solutions” (answer: 1. Relative pH is 
swapped, 2. The difference in the number of H+ is 105 not 2). 
Student should use whiteboards and display them when done.

5. Group Activity: “Which molecular form will 
predominante at a given pH?”

Make sure to emphasize that, unlike the previous slide, the 
number of H+ shown is NOT proportional to each other for the 
pH values shown. Ask why that would be impractical to show 
(answer: remind students about the logarithmic relation of pH 
values). Prompt with: “If you put a weak acid, HA, with a pKa 
of 7, into the solution at the indicated pH values, what form 
of the acid would be predominantly found in each situation?” 
Instruct students to use their whiteboards to draw the relative 
proportions of the protonated form (i.e. undissociated weak 
acid HA) and its deprotonated form (e.g. H+, i.e. the acid, and 
its conjugate base, A-).

Students discuss this question in their groups and can 
explain their thinking to the instructor or their TAs/ facilitators. 
Conclude by revealing the answer slide, pointing out that 
even at the pH 6, with predominantly protonated HA, you 
still have some dissociated molecules (hence the fraction 

in the Henderson-Hasselbalch equation). This fact is often 
overlooked during the discussions.

6. Clicker Question 3: “Ranking based on pKa”

Check for understanding by evaluating the number of correct 
answers. If necessary, ask students to discuss and revote or 
solicit an answer as a cold call. The goal is to have students 
recognize the relationship between pKa and the ‘ease’ with 
which the weak acid releases a proton into the aqueous 
solution. Emphasize that it is the pKa that is used to discuss 
relative strength of acids with each other. Clicker questions 
that achieved less than 70% accuracy were followed by a brief 
peer discussion and revote.

7. Clicker Question 4: “pKa and pH in water”

Check for understanding. If necessary, have students discuss 
and revote or solicit an answer as cold call. The goal is to 
extend the students’ conceptual understanding from question 
#3 to include realization that more ‘easily’ donating a proton 
means that the pH is more substantially impacted (lowered).

8. Think-Pair-Share: “What is the predominant form of 
the weak acid aspirin in the small intestine?”

To answer this series of questions, students must recall that 
in lower pH (more acidic) environments like the stomach, the 
higher [H+] will dictate that the proportion of protonated aspirin 
molecules will be higher than in a less acidic environment. 
This follows Le Chatelier’s principle and is described in 
mathematical terms by the Henderson-Hasselbalch equation. 
On the other hand, in higher pH (less acidic) environments 
like the small intestine, the lower [H+] will dictate that most of 
the aspirin will be deprotonated.

In other words, if the pKa of an acid is lower than the pH of 
environment, deprotonating of the acid is favored.

9. Group Activity: “What is the predominant form of 
aspirin in the stomach?”

This problem will be solved both qualitatively (answer: 
protonated; pKa>pH of environment) and mathematically. 
Each group submits their answer, which can be graded for 
credit and allows for feedback (see S3 for key).

10. Optional Discussion

If time permits use the prompt: “Given that neutral 
(uncharged) molecules are better able to cross membranes, 
predict where aspirin will be better absorbed (cross the 
organ’s membranes), the stomach or small intestine.” This is a 
great opportunity for integration and expansion of the topic! 
Based on charge alone, the answer to question would be the 
stomach. However, with aspirin, charge is not the whole story. 
Acetylsalicylic acid is poorly soluble in the acidic conditions of 
the stomach, but very soluble at the pH in the small intestine. 
Once in the small intestine, a small percentage of neutral 
aspirin can passively move through the membrane and is then 
absorbed via the portal vein into the blood. In response to loss 
of the neutral aspirin molecules, more neutral molecules are 
formed in the small intestine to reestablish the equilibrium, 
which then allows more to pass across the membrane, etc. So, 
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really, it is in the small intestine where the majority of aspirin 
absorption happens. As a side note, aspirin is associated with 
damage to the gastric mucosa of the stomach, elevating the risk 
of developing ulcers and bleeding. This is not directly related 
to pH, but due to inhibition of epithelial cell autophagy.

Post Class Options

Questions that are similar to those used in class can be 
designed as either formative or summative assessments to 
probe for transfer of the concepts. For instance, instead of 
the carboxylic acid aspirin discussed above, the nervous 
system amine stimulant amphetamine has a functional group 
(ammonium ion, pKa=10) that carries a positive charge at 
pH 7.4, the context of normal physiological conditions (18). 
Yet, while the carboxylic acid functional group (as found in 
aspirin) is neutral when protonated, an amine is protonated 
to a positive ammonium ion and therefore carries a charge. 
In other words, a deprotonated carboxylic acid molecule is 
negatively charged and therefore tends to be better soluble in 
water, but less suited to cross the lipid bilayer of a membrane. 
Whereas, increased solubility and diminished ability to cross 
membranes of a protonated base such as ammonium ion is 
due to its positive charge.

The antimalarial drug pyrimethamine (19) is another 
example of an amine functional group acting as a weak base 
and demonstrating the impact ionization processes have on 
the distribution of drugs among different compartments in the 
body.  Pyrimethamine is a diaminopyrimidine derivative and 
the amino functional groups may exist in either the protonated 
(charged) or unprotonated (neutral) state.  The protonation 
status of pyrimethamine influences the rate of its elimination 
from the body.

During a process called ‘ion trapping’, a drug in its ionized 
state gets trapped on one side of a membrane that separates 
two compartments with different pH values. In this case, 
pyrimethamine is cleared from the blood by the kidney to be 
excreted in urine. Pyrimethamine, a weak base with a pKa 
of 7.3, is trapped in the urine, which is more acidic than the 
blood. At pH 6, lower than the pKa of the drug, pyrimethamine 
is mostly protonated/ionized and unable to get back across 
the membrane. This prevents its reabsorption by the blood. 
To promote the excretion of pyrimethamine, administration 
of a urine acidifier would lower the pH of the urine and will 
shift the equilibrium even further towards the ionized, water 
soluble form of the drug (20).

Typically, the pKa is used to discuss the strength of ionizable 
groups of weak acid/base systems and comparing pKa values 
relative to each other. Despite this convention, characterizing 
a molecule using the pKb and probing for the relationship 
between pKa and pKb would be an interesting extension of 
this lesson.

TEACHING DISCUSSION

Observations about the Lesson’s effectiveness and 
student reactions

Overall, the structure of this lesson promotes active 
participation and several opportunities for students to check 
their understanding. Effectiveness in achieving the stated 
learning goals and objectives is detailed in Table 2, which also 
contains typical student reactions to individual components 

of this lesson. The data on effectiveness were collected during 
three semesters. In general, students are substantially more 
engaged and interested in the topic when it is presented in 
the context of the human body (stomach, small intestine, and 
a pharmaceutical agent). Additionally, the traditional method 
of presenting only the mathematical/graphical representations 
of the Henderson-Hasselbalch relationship alienates students 
for whom mathematics is intimidating (21). In presenting the 
relationships in a more concept-oriented approach (i.e. the 
pictures of beakers with acid and conjugate base figures), the 
learning environment is more inclusive. Numerous students 
have reported an “ah-ha!” moment later or verbalized this 
during the module.

Possible Adaptions

Although this lesson was used in a junior-level introductory 
class for non-biochemistry majors in a single class period, the 
fundamental yet interdisciplinary nature of this topic lends itself 
to easy adaptation and possible expansion. Depending on the 
audience, the angle on human physiology can be emphasized 
more, or less. For instance, questions of membrane transport 
depending on charge can focus the class on pharmacological 
aspects of the protonation state. Prompting the students 
to predict absorption of a drug in different organ systems, 
as demonstrated with aspirin in this lesson as an example, 
is guiding the learner to consider other factors that could 
impact drug action, such as distribution, half-life, route of 
administration, and nutritional state. This angle may be more 
suitable for a class focused on drug action. A pharmacokinetics 
text, e.g. 22, may be helpful for developing a more extensive 
active learning exercise or case study scenario, which could 
take two or more class periods.

In a traditional biochemistry course sequence, expanding 
this lesson to predicting charge of amino acids or small peptides 
within a given environmental pH is a logical progression and 
provides the foundation for a unit on protein folding and pH-
dependent catalytic activity of enzymes.

SUPPORTING MATERIALS
• S1.Hasselbalch-Power point slides for lesson
• S2.Hasselbalch-Pre-class reading quiz: Example questions
• S3.Hasselbalch-Answer key and rubric of group activity
• S4.Hasselbalch-Summative assessment: Example question
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