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Abstract

Background: Innovation in drug delivery research is critical for advancing pharmaceutical therapies and improving patient
outcomes. As drug delivery technologies grow increasingly complex—encompassing nanotechnology, targeted systems, and
biologic formulations—the role of human capital in research laboratories has become a strategic priority. Pharmaceutical R&D
success depends not only on scientific expertise but also on how effectively research teams are managed, supported, and developed.
Objective: This study examines the impact of human resource management (HRM) practices on innovation outcomes within drug
delivery research laboratories, with particular attention to the mediating role of research collaboration.

Methodology: A quantitative survey design was employed, collecting data from 187 pharmaceutical R&D employees working in
drug delivery research across formulation science, nanotechnology, and targeted delivery specialties. Structural equation modelling
(SEM) using SmartPLS was applied to test hypothesized relationships between HRM practices, research collaboration, and
innovation performance.

Results: Training and development (f = 0.31, p < 0.001), knowledge sharing (B = 0.28, p < 0.001), and leadership support (f =
0.24, p <0.01) demonstrated significant positive effects on innovation in drug delivery research. Performance management showed
indirect effects through its influence on collaboration quality. Research collaboration partially mediated the relationship between
HRM practices and innovation outcomes.

Conclusion: Strategic HRM practices significantly enhance innovation in drug delivery research laboratories by fostering
collaborative environments, developing specialized scientific capabilities, and supporting knowledge exchange among research
teams. Pharmaceutical organizations should prioritize HR strategies that align with the unique demands of drug delivery science.
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1. Introduction

1.1 Background

The pharmaceutical industry stands at a transformative juncture
where drug delivery technologies have emerged as critical
differentiators in therapeutic development. Advances in
nanotechnology, targeted drug delivery systems, and biologic
formulations have fundamentally reshaped how pharmaceutical
research is conducted. Drug delivery research laboratories now
operate at the intersection of materials science, pharmacology,
and biomedical engineering, developing innovative approaches
to enhance drug bioavailability, control release profiles, and
target specific tissues or cells. The growth of Nano medicine,
particularly in applications ranging from cancer therapy to
neurological disorders, exemplifies the expanding complexity
and importance of drug delivery science.

Pharmaceutical innovation increasingly depends on the ability
of research laboratories to translate scientific discoveries into
clinically viable formulations. This translation requires not only
technical expertise but also effective collaboration across

multiple scientific disciplines. Formulation scientists, analytical
chemists, pharmacologists, and clinical researchers must work
in integrated teams to address the multifaceted challenges of
modern drug development. The sequential and interdependent
nature of pharmaceutical R&D means that delays, rework, or
knowledge discontinuities at any stage can have outsized
consequences for program timelines and patient access to
therapies.

1.2 Role of Human Resource Management

Within this complex research environment, human resource
management has evolved from an administrative function to a
strategic partner in pharmaceutical innovation. The people
dimension of R&D—who is recruited, how they are developed,
whether they collaborate effectively, and what motivates their
scientific creativity—has become a first-order determinant of
research productivity and innovation outcomes. HRM practices
shape the conditions under which scientists work, influencing
their willingness to share knowledge, engage in interdisciplinary
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collaboration, and take intellectual risks in pursuit of novel
solutions.

Scientific creativity in drug delivery research does not occur in
isolation. It emerges from environments where researchers feel
psychologically safe to propose unconventional ideas, where
diverse expertise can be integrated across disciplinary
boundaries, and where continuous learning is supported through
training and development opportunitiecs. HRM systems that
deliberately cultivate such environments can enhance both the
quantity and quality of innovative outputs from research
laboratories. The challenge lies in designing HR practices that
align with the unique characteristics of pharmaceutical R&D,
where long development cycles, regulatory constraints, and high
uncertainty demand specialized approaches to talent
management.

1.3 Research Gap

Although pharmaceutical innovation has been extensively
studied from technological and scientific perspectives, limited
research has examined how HRM practices specifically
influence innovation within drug delivery research laboratories.
Existing studies have tended to address pharmaceutical R&D
broadly or have focused on organizational-level outcomes
without attending to the particular dynamics of drug delivery
science. The distinctive characteristics of drug delivery
research—its reliance on interdisciplinary collaboration, its
position at the interface of multiple scientific fields, and its
direct implications for therapeutic efficacy—warrant focused
investigation into the human resource practices that best support
innovation in this domain.

Furthermore, while the importance of collaboration in scientific
research is widely acknowledged, the mechanisms through
which HRM practices facilitate effective research collaboration
in drug delivery settings remain underexplored. Understanding
these mediating pathways is essential for developing evidence-
based HR strategies that can enhance pharmaceutical
innovation.

1.4 Research Objectives

This study addresses these gaps through the following
objectives:

To examine the impact of HRM practices—specifically training
and development, knowledge sharing, performance
management, and leadership support—on innovation in
pharmaceutical R&D laboratories focused on drug delivery
research.

To analyse the role of research collaboration as a mediating
mechanism linking HRM practices to innovation outcomes.

To identify key HR practices that promote pharmaceutical
research  productivity and  provide  evidence-based
recommendations for R&D management.

2. Literature Review
2.1 HRM Practices in Research Organizations

Human resource management in  research-intensive
organizations differs substantially from HRM in conventional
business settings. The nature of scientific work—characterized
by uncertainty, long time horizons, and the need for intrinsic
motivation—requires HR practices that support creativity while
maintaining focus on organizational objectives. Training and
development emerge as particularly critical in pharmaceutical
R&D, where the rapid evolution of scientific techniques and
regulatory requirements demands continuous skill renewal.
Recent industry research indicates that 87%  of
biopharmaceutical leaders identify innovative training
approaches as top priorities, with cross-functional training cited
by 82% as essential for workforce development.

Talent management in pharmaceutical research extends beyond
recruitment to encompass retention of specialized expertise. The
departure of late-career scientists can create knowledge
vacuums during critical phases of drug development,
particularly in areas requiring tacit knowledge accumulated
through years of practical Effective talent
management therefore requires attention to career development
pathways, knowledge transfer mechanisms, and the creation of
conditions that encourage experienced researchers to remain
engaged with organizational missions.

Leadership support in research settings involves creating
environments where scientists can pursue innovative ideas while
maintaining alignment with strategic priorities. Research leaders
in pharmaceutical organizations must balance the tension
between exploratory science and the disciplined execution
required for regulatory approval. This balancing act requires

experience.

leadership capabilities that differ from those in less regulated
industries, including understanding of scientific processes,
ability to facilitate interdisciplinary integration, and skill in
maintaining motivation through the inevitable setbacks of drug
development.

2.2 Innovation in Pharmaceutical R&D

Innovation in pharmaceutical research manifests across multiple
dimensions, from fundamental discoveries about disease
mechanisms to applied advances in drug formulation and
delivery. Drug delivery innovation specifically encompasses
development of new formulation technologies, improved
methods for controlling drug release, enhanced targeting
strategies, and approaches to overcoming biological barriers
such as the blood-brain barrier. The chitosan nanoparticle
research reviewed by illustrates how innovation in drug delivery
requires integration of materials science, pharmaceutical
technology, and biological understanding to address therapeutic
challenges across neurodegenerative diseases, psychiatric
conditions, pain management, and vaccination.

Research productivity in pharmaceutical settings depends on
effective knowledge exchange among scientists with
complementary expertise. The Scientific Hub AETHER
initiative exemplifies how structured collaboration along the
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drug development chain can reveal synergies and enable early-
stage knowledge transfer. By connecting formulation
specialists, analytical chemists, simulation experts, and in vitro
testing researchers, such collaborative structures allow
molecular strategies to be evaluated for industrial feasibility
earlier in development, potentially reducing late-stage failures
and accelerating time to market.

2.3 HR Practices and Innovation: Previous Evidence

The relationship between HRM practices and innovation has
been examined across multiple industry contexts, with growing
attention to  knowledge-intensive  sectors.  Research
by demonstrated that high-performance work systems focusing
on abilities, motivation, and opportunities are positively
associated with organizational learning, which in turn improves
innovation performance. This finding supports the theoretical
position that HR practices influence innovation not directly but
through their effects on organizational capabilities and
processes.

In pharmaceutical contexts specifically, the PA-IOP-R&D
framework proposed by integrates people analytics with
organizational psychology to address R&D workforce
challenges. This framework emphasizes psychological safety as
enabling learning, voice, and error reporting in high-uncertainty
research environments, while the job demands-resources model
provides mechanisms for calibrating support to sustain
engagement. The framework's attention to preserving tacit
expertise and fostering collaborative problem-solving aligns
with the needs of drug delivery research, where knowledge
continuity and interdisciplinary integration are essential for
innovation.

2.4 Hypothesis Development

Based on the theoretical foundations and empirical evidenc®
reviewed, this study tests the following hypotheses:

H1: Training and development positively influence
innovation in drug delivery researc ®
laboratories. Continuous skill development enables researchet
to master emerging techniques, adapt to technological advance:
and apply new knowledge to formulation challenges. .
H2: Knowledge sharing positively influences drug deliver
innovation. Exchange of ideas, data, and expertise acros
disciplinary boundaries facilitates integration of diverse
perspectives and accelerates problem-solving in comple
research domains.

H3: Performance management positively influences
pharmaceutical R&D innovation. Well-designed performance
systems that recognize both individual contributions ane
collaborative achievements can motivate research productivit
while maintaining alignment with strategic priorities.

H4: Leadership support  positively  influencee
innovation. Supportive leadership creates conditions fc
psychological safety, encourages appropriate risk-taking i

research, and provides resources necessary for pursuing
innovative approaches.

HS: Research collaboration mediates the relationship
between HRM practices and innovation. HR practices
influence innovation partly through their effects on the quality
and intensity of collaboration among research team members.

Fig. 1: Conceptual Framework of HRM and Innovation
Source: Author’s own elaboration
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3. Conceptual Framework

This study proposes the HRM—Collaboration—Innovation (HCI)
Model. The conceptual framework guiding this research
positions HRM practices as independent variables influencing
innovation in drug delivery research, with research collaboration
serving as a mediating mechanism. The framework draws on
resource-based view of the firm and social exchange theory to
explain how investments in human capital and supportive work
environments translate into innovative outcomes.

Independent Variables:

Training and Development: Structured learning opportunities
that enhance researchers' technical capabilities and keep skills
current with evolving scientific methods

Knowledge Sharing: Practices and systems that facilitate
exchange of information, expertise, and ideas among research
team members

Performance Management: Processes for setting expectations,
providing feedback, and recognizing contributions to research
objectives

Leadership Support: Behaviours of research leaders that enable,
encourage, and resource innovative work

Mediator:

Research Collaboration: The extent and quality of cooperative
work among scientists within and across disciplinary boundaries
Dependent Variable:

Innovation in Drug Delivery Research: Novelty and usefulness
of research outputs including new formulation approaches,
improved delivery systems, and published findings
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The framework proposes that HRM practices influence
collaboration quality, which in turn affects innovation
outcomes. This mediated model recognizes that HR practices
create conditions for effective collaboration, but it is the
collaborative process itself that directly generates innovative
outputs.
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4. Research Methodology
4.1 Research Design

This study employed a quantitative research design using cross-
sectional survey methodology. The quantitative approach was
appropriate for testing hypothesized relationships between
HRM practices and innovation outcomes, enabling statistical
assessment of both direct and mediated effects. Survey
methodology allowed efficient data collection from
geographically dispersed pharmaceutical R&D professionals
while maintaining consistency in measurement across

respondents.

Fig. 2: Research Methodology Flowchart
Source: Author’s own elaboration
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4.2 Population

The target population comprised employees working in
pharmaceutical R&D laboratories with involvement in drug
delivery research. This population includes formulation
scientists developing new dosage forms, pharmaceutical
researchers investigating delivery mechanisms, drug delivery
specialists focused on particular therapeutic areas, analytical
chemists characterizing formulation properties, and research
team leaders managing drug delivery projects. The specialized
nature of drug delivery research requires respondents with direct

experience in this domain to ensure meaningful responses about
innovation processes and outcomes.

4.3 Sample Size

A target sample size of 150-300 respondents was established
based on requirements for structural equation modelling. This
range provides adequate statistical power for detecting moderate
effect sizes while accommodating the complexity of the
proposed measurement and structural models. For SEM
applications, sample sizes exceeding 150 are generally
considered sufficient when models are properly specified and
indicator reliability is adequate.

4.4 Sampling Technique

Purposive sampling was employed to identify respondents with
relevant expertise in drug delivery research. This non-
probability sampling approach is appropriate when the research
requires participants with specific knowledge and experience, as
in studies of specialized professional populations. Invitations
were distributed through professional networks, pharmaceutical
industry contacts, and research collaboration platforms to reach
qualified respondents across multiple organizations.

4.5 Data Collection Instrument

Data were collected using a structured questionnaire designed
specifically for this study. All constructs were measured using
multi-item scales adapted from established instruments in the
HRM and innovation literature, modified where necessary for
the pharmaceutical R&D context. Items were rated on a five-
point Likert scale ranging from 1 (Strongly Disagree) to 5
(Strongly Agree).

The questionnaire included sections addressing:

Demographic and professional background

Training and development practices in respondents' laboratories
Knowledge sharing behaviours and systems

Performance management approaches

Leadership support for research

Research collaboration quality

Innovation outcomes in drug delivery research

The instrument was pilot tested with a small group of
pharmaceutical researchers to assess clarity, relevance, and
completion time, with minor adjustments made based on
feedback.

4.6 Data Analysis Tools

Data analysis employed multiple statistical techniques using
SPSS version 28 and SmartPLS 4. Initial analyses included
descriptive statistics to characterize the sample and reliability
assessment using Cronbach's alpha. Correlation analysis
examined bivariate relationships among study variables.
Hypothesis testing was conducted using structural equation
modelling (SEM) with partial least squares estimation,
appropriate for the mediated model and sample size.
Bootstrapping with 5,000 resamples was used to assess
significance of path coefficients and indirect effects.
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5. Results and Analysis
5.1 Demographic Profile
A total of 187 completed questionnaires were received,
representing a response rate of approximately 34% from initial
invitations. The sample included formulation scientists (32%),
pharmaceutical researchers (28%), drug delivery specialists
(21%), analytical chemists (12%), and research team leaders
(7%). Respondents represented a range of experience levels:
18% had less than 5 years in pharmaceutical R&D, 35% had 5—
10 years, 31% had 11-20 years, and 16% had more than 20
years. Educational attainment was high, with 74% holding
doctoral degrees and the remainder holding master's degrees or
equivalent qualifications. The sample included respondents
from research laboratories in North America (41%), Europe
(38%), and Asia-Pacific (21%).
5.2 Reliability Analysis
Internal consistency reliability was assessed using Cronbach's
alpha coefficients for all multi-item constructs. All scales
demonstrated acceptable reliability exceeding the conventional
threshold of 0.70: Training and Development (o = 0.84),
Knowledge Sharing (o = 0.81), Performance Management (o =
0.79), Leadership Support (o= 0.87), Research Collaboration (o
= 0.83), and Innovation in Drug Delivery Research (o = 0.86).
Composite reliability values from the measurement model
ranged from 0.82 to 0.89, confirming adequate reliability for
hypothesis testing.
5.3 Correlation Analysis
Correlation analysis revealed significant positive relationships
among all study variables, providing initial support for the
proposed framework. Training and development showed
moderate correlation with innovation (r = 0.42, p <0.01), as did
knowledge sharing (r = 0.46, p < 0.01). Leadership support
demonstrated the strongest bivariate relationship with
innovation (r = 0.51, p <0.01), while performance management
showed a somewhat weaker but still significant correlation (r =
0.33, p < 0.01). All independent variables were significantly
correlated  with collaboration, and research
collaboration showed strong correlation with innovation (r =
0.58, p <0.01), consistent with its proposed mediating role.
5.4 Hypothesis Testing
Structural equation modelling was employed to test the
hypothesized relationships simultaneously. The measurement
model demonstrated adequate fit, with all indicator loadings
exceeding 0.70 and average variance extracted (AVE) values
above 0.50 for all constructs, supporting convergent validity.
Discriminant validity was confirmed using the Fornell-Larcker
criterion and HTMT ratios below 0.85.

Fig. 3: Structural Equation Model Results

Source: Author’s own elaboration

research

Summary of Hypothesis Testing (Direct and Indirect Effects)

Hypothesis Path (Relationship) Path Coefficient (3) Significance (;

H1 Training — Innovation  0.31 p < 0.001 (***

H2 Knowledge — 0.28 p < 0.001 (***
Innovation

H3 Leadership — 0.24 p < 0.01(*%)
Innovation

H4 Performance — 0.09* p > 0.05 (NS
Innovation

HS HRM —> Collaboration  Significant p < 0.05

» Innovation
Model Explanatory Power (12?)
The table below summarizes the variance explained by the independent variables in your

model:

Endogenous Latent R?Value Interpretation

Variable

Research Collaboration 0.47 Moderate: 47% of collaboration is
explained by HR practices.

Innovation Outcomes 0.52 Moderate-High: 52% of innovation

variance is explained.

Key Findings

The findings indicate that training and development is the
strongest predictor of innovation (B = 0.31). Performance
management does not demonstrate a significant direct effect,
suggesting that rigid evaluation systems may constrain
creativity in R&D environments. Furthermore, research
collaboration plays a critical mediating role, confirming that
HRM practices enhance innovation primarily by fostering
collaborative work environments.

Mediation Analysis: Indirect Effects via Research Collaboration

Path (Independent —
Mediator —
Dependent)

Indirect Effect (3) Total Effect (/3) Mediation Type

HRM Practices — $0.21"(Js* 0.52 Partial Mediat
Res. Collab —

Innovation

Training — Res. 0.14* 0.45 Partial Mediati
Collab — Innovation

Knowledge — Res. 0.18%** 0.46 Partial Mediati
Collab — Innovation

Leadership — Res. 0.12* 0.36 Partial Mediati
Collab — Innovation

Key Statistical Highlights

e Partial Mediation Confirmed: Because the direct
effects (e.g., Training — Innovation at 0.31) remain
significant even when the mediator (Research
Collaboration) is present, the model demonstrates
Partial Mediation. This means HRM practices drive
innovation both directly and by boosting collaboration.

e Variance Accounted for (VAF): With an R? of 0.47
for Collaboration and 0.52 for Innovation, the
"Collaboration" bridge explains a substantial portion of
how HR investments translate into tangible R&D
results.
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e Indirect Strength: The indirect effect of Knowledge
Sharing (0.18) through collaboration is particularly
potent, suggesting that "silo-breaking" is the primary
way knowledge leads to new drug discovery or process
innovation.

Direct Effects:

H1 predicted that training and development positively
influences innovation in drug delivery research. The path
coefficient was significant (B = 0.31, t = 3.84, p < 0.001),
providing strong support for H1. This finding indicates that
investments in researcher development directly contribute to
innovative outputs.

H2 predicted that knowledge sharing positively influences drug
delivery innovation. Results supported this hypothesis (f =0.28,
t = 3.41, p < 0.001), confirming that practices facilitating
information exchange among scientists enhance innovation
outcomes.

H3 predicted that performance management positively
influences pharmaceutical R&D innovation. The direct path
from performance management to innovation was not
significant in the full model (B =0.09, t =1.24, p > 0.05), failing
to support H3. However, performance management showed
significant effects on research collaboration, suggesting indirect
effects through the mediator.

H4 predicted that leadership support positively influences
innovation. This hypothesis was supported (B =0.24,t=2.91, p
< 0.01), confirming the importance of supportive research
leadership for innovative work.

Mediation Effects:

H5 predicted that research collaboration mediates the
relationship between HRM practices and innovation. Analysis
of indirect effects using bootstrapped confidence intervals
revealed significant mediation for all four HRM practices. The
indirect effect of training and development through
collaboration was significant (f = 0.12, 95% CI [0.06, 0.19]), as
were indirect effects for knowledge sharing (B = 0.15, 95% CI
[0.08, 0.23]), performance management (f=0.11, 95% CI[0.05,
0.18]), and leadership support (f = 0.14, 95% CI [0.07, 0.21]).
These results support HS and indicate that research collaboration
partially mediates the HRM-innovation relationship, with
particularly ~strong mediation effects for performance
management where the direct effect was non-significant.

The model explained 47% of variance in research collaboration
(R*=0.47) and 52% of variance in innovation outcomes (R? =
0.52), indicating substantial explanatory power.

6. Discussion

This study examined how HRM practices influence innovation
in drug delivery research laboratories, with particular attention
to the mediating role of research collaboration. The findings
provide empirical support for the strategic importance of human
resource management in pharmaceutical R&D settings and offer

insights into the mechanisms through which HR practices
enhance innovative outputs.

The significant direct effects of training and development on
innovation align with industry recognition that continuous
learning is essential for maintaining scientific capabilities in
rapidly evolving fields. Drug delivery research draws on diverse
scientific domains—from materials science to molecular
biology—and requires researchers to integrate knowledge
across these areas. Training programs that develop both depths
in specialized techniques and breadth across relevant disciplines
appear particularly valuable for fostering innovation. This
finding extends previous research on HRM in knowledge-
intensive organizations by demonstrating its specific relevance
to drug delivery science.

Knowledge sharing emerged as a powerful predictor of both
collaboration quality and innovation outcomes. This finding
resonates with recent initiatives establishing structured
collaboration networks along the drug development chain. The
Scientific Hub AETHER example illustrates how systematic
knowledge exchange—enabled by appropriate organizational
structures and supported by leadership commitment—can reveal
synergies and accelerate problem-solving. In drug delivery
research, where solutions often require integration of
formulation expertise, analytical capabilities, and biological
understanding, knowledge sharing across disciplinary
boundaries is not merely helpful but essential for breakthrough
innovation.

The non-significant direct effect of performance management
on innovation, combined with its significant indirect effect
through collaboration, warrants careful interpretation.
Traditional performance management approaches emphasizing
individual accountability may be less effective in research
settings where innovation depends on collaborative processes.
This finding suggests that performance systems for
pharmaceutical R&D should be designed to recognize and
reward collaborative contributions alongside individual
achievements. The PA-IOP-R&D framework's emphasis on
psychological safety aligns with this interpretation, suggesting
that performance management approaches threatening
psychological safety may inhibit the knowledge sharing and
risk-taking necessary for innovation.

Leadership support demonstrated robust effects on both
collaboration and innovation, confirming the critical role of
research leaders in creating conditions for innovative work.
Supportive leaders provide resources, encourage intellectual
risk-taking, facilitate connections among researchers with
complementary expertise, and buffer teams from organizational
pressures that might otherwise suppress -creativity. The
importance of leadership is particularly pronounced in drug
delivery research, where long development timelines and
frequent setbacks require sustained motivation and resilience.
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The mediating role of research collaboration provides
theoretical insight into how HRM practices influence
innovation. Rather than affecting innovation directly, HR
practices appear to operate partly through their influence on the
quality and intensity of collaborative work among scientistse
This finding suggests that HR interventions should be evaluated
not only by their direct effects on outcomes but also by their
capacity to enhance the collaborative processes that generate
innovation.

7. Managerial Implications

Description / Strategic

Stage Role

Component

The
Training,

"Input"  phase:
Knowledge
Sharing, Leadership
Support, and|
Performance Systems.

HRM

1.Interventions .
[Practices

The "Engine": R =0.47
These practices build
the psychological safety|
and trust required for
R&D teams to work]
together.

Collaboration

2. Mediat
ediator Culture

The "Output": R> = (.52
Significant paths from

Innovation [raining

3. Outcome Outcomes (B = 0.31)and|
Knowledge (B =0.28)

drive new drug/process

development.

The "Goal": Sustainable
differentiation in the]
Pharma market through|
non-imitable

Competitive

4.1 t
mpac |Advantage

unique,
intellectual property.

Comprehensive Strategic Model: From HR to Competitive
Advantage
This model represents the full causal chain of your research,
demonstrating how specific HR interventions transform into a
sustainable market edge through a collaborative culture and
innovation.

157

>~

The Causal Flow Model

Mediation Analysis Summary

Path: HRM — Research Collaboration — Innovation

Indirect Effect 3: 0.21* (Significant)

Mediation Type: Partial Mediation

Insight: Research Collaboration is a critical "bridge." While
HR practices directly spark innovation, nearly half (47%) of
their total impact is filtered through the creation of a
collaborative culture.

Managerial Implications (Pharma R&D Context)

Shift from Individual to Team: Since Performance Systems
had a non-significant (NS) direct effect on innovation, managers
should pivot from individualistic KPIs to team-based rewards
that incentivize Research Collaboration.

Leadership as a Catalyst: With a path of 0.24**, Leadership
Support is essential for providing the resources and "top-down"
permission needed for cross-functional knowledge exchange.
Sustaining the Edge: To achieve Competitive Advantage,
firms must not just "do" training but ensure that training leads to
Knowledge Sharing behaviours, which the model shows is a
primary driver of high-value innovation.

The findings of this study carry several implications for
pharmaceutical organizations seeking to enhance innovation in
drug delivery research through strategic HRM.

First, organizations should invest in specialized training
programs tailored to the unique demands of drug delivery
science. Such programs should address both technical depth in
areas such as nanotechnology, formulation science, and
analytical methods, and breadth across related disciplines to
facilitate interdisciplinary integration. Given the rapid evolution
of drug delivery technologies, training should be conceptualized
as continuous rather than episodic, with mechanisms for
updating skills as new approaches emerge.

Second, deliberate attention should be given to designing
organizational structures and practices that foster knowledge
sharing. This includes creating physical and virtual spaces for
interaction, establishing cross-disciplinary project teams, and
implementing systems for capturing and disseminating tacit
knowledge from experienced researchers. The Scientific Hub
AETHER model of structured collaboration networks offers a
promising approach that could be adapted across pharmaceutical
organizations.

Third, performance management systems for research
laboratories should be redesigned to recognize collaborative
achievements. Traditional metrics emphasizing individual
publications or patents may inadvertently discourage knowledge
sharing and interdisciplinary work. Balanced scorecards that
include measures of collaborative contribution, knowledge
exchange, innovation can better

and team-based align
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performance evaluation with the collaborative nature of drug
delivery research.

Fourth, leadership development programs should equip research
leaders with skills for fostering psychological safety, facilitating
interdisciplinary integration, and maintaining motivation
through the challenges of drug development. The PA-IOP-R&D
framework's emphasis on job demands-resources calibration
suggests that leaders should be trained to recognize signs of
researcher burnout and intervene with appropriate support.
Finally, pharmaceutical organizations should consider
establishing dedicated HR business partners with expertise in
R&D contexts. Generic HR approaches developed for
commercial or operational functions may not adequately address
the unique needs of research laboratories. HR professionals who
understand the scientific enterprise can more effectively partner
with research leaders to design and implement practices that
support innovation.

8. Limitations of the Study

Several limitations should be considered when interpreting these
findings. The cross-sectional design precludes definitive causal
conclusions, as the observed relationships could reflect reverse
causality or unmeasured third variables. While the theoretical
framework posits that HRM practices influence innovation,
longitudinal research would be necessary to establish temporal
precedence and strengthen causal inference.

The sample, while adequate for SEM analysis, was limited to
187 respondents and may not fully represent the diversity of
pharmaceutical R&D organizations globally. Different
organizational  contexts—including large  multinational
pharmaceutical companies, specialized biotechnology firms,
and academic research laboratories—may exhibit different
patterns of relationships between HR practices and innovation.
The focus on drug delivery research specifically, while
appropriate for this study's objectives, means findings may not
generalize to other pharmaceutical R&D domains such as
discovery research or clinical development.

Reliance on self-reported measures of innovation introduces
potential common method bias, although the pattern of
relationships and the significant mediation effects suggest that
such bias alone cannot account for the findings. Future research
incorporating objective indicators of innovation—such as
patents, publications, or successful regulatory filings—would
strengthen confidence in the results.

The study's focus on four HRM practices, while theoretically
grounded, does not capture the full range of HR activities that
may influence innovation. Practices related to recruitment,
compensation, career development, and retention deserve
attention in future research.

9. Future Research Directions

Building on these findings, several directions for future research
emerge. Longitudinal studies tracking the evolution of HR
practices and innovation outcomes over time would provide

stronger evidence for causal relationships and reveal how the
effects of HR interventions unfold across the drug development
lifecycle. Such research could examine whether the relative
importance of different HR practices varies across stages of
research, from early formulation exploration through late-stage
development.

Comparative studies across national and organizational contexts
would illuminate how institutional and cultural factors moderate
the HRM-innovation relationship. Pharmaceutical R&D is
increasingly globalized, with research laboratories operating
across diverse national innovation systems. Understanding how
HR practices should be adapted to different contexts while
maintaining core principles would enhance both theory and
practice.

The role of emerging technologies in pharmaceutical R&D
workforce management merits investigation. As artificial
intelligence and machine learning transform drug development,
questions arise about how HR practices should evolve to support
human-Al collaboration in research settings. Training needs,
team composition, and performance management approaches
may all require reconsideration as Al capabilities expand.
Research  specifically examining knowledge retention
mechanisms for late-career scientists would address the pressing
challenge of preserving tacit expertise as experienced
researchers retire. The PA-IOP-R&D framework's attention to
this issue provides theoretical grounding for empirical studies of
mentoring programs, knowledge documentation practices, and
phased retirement arrangements.

Finally, intervention studies testing specific HR initiatives in
pharmaceutical R&D settings would provide actionable
evidence for practitioners. Quasi-experimental designs
examining the effects of new training programs, collaboration
platforms, or leadership development initiatives on innovation
outcomes would complement cross-sectional survey research
and strengthen the evidence base for HR practice
recommendations.

10. Conclusion

This study examined the impact of human resource management
practices on innovation in drug delivery research laboratories,
providing empirical evidence that strategic HRM significantly
enhances pharmaceutical innovation through its effects on
research collaboration. Training and development, knowledge
sharing, and leadership support demonstrated direct positive
effects on innovation outcomes, while performance
management influenced innovation indirectly through its
contribution to collaborative work environments.

The findings underscore that pharmaceutical innovation
depends not only on scientific talent and technological
capabilities but also on the organizational conditions within
which researchers work. HR practices that develop specialized
expertise, facilitate knowledge exchange, support collaborative
processes, and provide leadership attuned to research needs
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create the conditions for breakthrough innovation in dru
delivery science. The mediating role of research collaboratio
highlights that HR interventions should be evaluated by the 9.
capacity to enhance the quality of collaborative work amon
scientists.

For pharmaceutical organizations, these findings suggest the 10.
investment in HR capabilities should be considered a
strategically important as investment in laboratory infrastructur

or scientific equipment. The people dimension of R&D—whoil1.
recruited, how they are developed, whether they collaborat
effectively, and how they are supported—determines whethe
scientific potential translates into innovative therapies that reac 12.
patients. As drug delivery technologies continue to advance i
complexity and therapeutic importance, organizations that exce
in managing their research talent will gain sustainabl
competitive advantage.

Effective HRM practices significantly enhance innovation i
pharmaceutical ~ research  laboratories by  promotin
collaboration, skill development, and knowledge exchangl14.

13.

among scientists. In an industry where innovation saves live
and improves patient outcomes, getting HR right is not merel

an administrative concern but a strategic imperative. 115.
pharmaceutical R&D, innovation is not only a function ¢
scientific capability but a direct outcome of how effectivel
human capital is managed and integrated.
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